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heat, latent heat and thermal conductivity. Hot spots in these polymers
during rapid deformation can greatly exceed the polymers softening point.
This was confirmed by separate experiments with a friction apparatus with
hot spot temperatures recorded using !.R. techniques. The second study
describes a graphical computer method for analysing, TG and DSC traces
which gives all three reattiun parameters (E,A,n) characterising an nth
order reaction from a single trace. The final areas of research described
are concerned with the analysis of (i) isothermal kinetic data and
(ii) dynamic kinetic data from solid-state reactions.
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2.

I. INTRODUCTION

It is now generally accepted that the behaviour of a reactive material
needs to be considered in terms of its explosive, its thermal and its mech-
anical properties. Most explosives defon before initiation and the details
of this deformation determine how energy can be localised to give "hot spots".
Once heat is produced locally the "hot spot" temperature is controlled by
the heat being produced and the flow of heat away from the "hot spot". To
understand this process it is important to have the reaction parameters of
the explosive and thermal properties such as specific heat and conductivity.
For many explosives, particularly new compositions, these are not always
known accurately.

The research on this contract has considered the mechanical and thermal
properties in some detail. Studies of initiation and propagation have been
greatly aided by high-speed photography. Research on reaction kinetics and
thermal properties has used mass spectroscopy, differential scanning calori-
metry (DSC), thermogravimetric analysis (TG) and scanning electron microscopy.
Mechanical properties experiments include measurements of hardness, yield
strength, coefficient of friction and fracture surface energy.

The four areas of work described in this report have either been
published (sections 2,3,4) or are ready for submission (section 1).
The texts of these papers are given in full.

2. THE IGNITION OF A THIN LAYER OF EXPLOSIVE BY IMPACT; THE EFFECT OF ADDED

POLYMER PARTICLES. G.M. Swallowe and J.E. Field.

2.1 Introduction

A study of the deformation behaviour of a thin layer of material when
impacted is relevant to a range of problems including the sensitiveness of
explosives. A standard test procedure for assessing the hazard involved in
handling explosive materials is to impact a sample (typically 20-50 mg) with
a falling weight. The sensitiveness of a sample is usually expressed in
terms of a 50% drop height to cause ignition (i.e. the height from which the
weight would ignite 50% oi a series of samples). There are standard methods
for obtaining the 50% height (see, for example, Dixon and Massey, 1957). However
although the test has been used for many eecades it is only recently that

3.,' a systematic attempt has been made to photograph the sample during its
.A deformation (Heavens, 1973, Heavens and Field 1974). A combination of

high-speed photography combined with pressure measuring techniques helped
establish the physical processes occurring during ignition and propagation.

In general it is thought that the initiation of an explosive by mech-
anical shock is thermal in origin, although some workers believe that a
tribochemical or a molecular fracture mech.,nism may be responsible in certain
circumstances (Taylor and Weale, 1932, Ubbolohde, 1948, Fox, 1970). On the
basis of localized thermal energy or "Tot spots" as the source of the ex-
plosion, four possible mechanisms have been envisaged for ignition by impact.

(i) Adiabatic compression of trappecL gas spaces (Bowden, Mulcahy, Vines
and Yoffe, 1947, Chaudhri and Field, 19741.

(ii) Viscous heating of material rapidly extruded between the impacting
surfaces (Eirich and Tabor 1947, Bolkhoviwinov and Pokhil 1958) or by capi-.
llary flow between grains (Rideal and Robertson, 1948).

mo i



3.

(iii) Frictinn between the impacting surfaces and/or grit particles
and/or grains of the material (Bowden and Gurton, 1949).

(iv) Localised adiabatic deformation of the thin layer upon mechanical
failure(Afanas'ev and Bobolev,1971, Winter and Field, 1975).

It was shown quite convincingly (Uowden et al, 1947) that the presence
of gas bubbles affected the impact sensitiveness of nitroglycerine,and
Bowden maintained repeatedly (Bowden and Yoffe, 1949, 1952, 1958, Bowden,
1950, 1963) that mechanism (i) was the primary cause of ignition, not only
in liquids but also in solid explosives. This view has with equal persis-
tence been rejected by the Russian school of thought (Andreev, Maurina and
Rusakova 1955, Bolkhovitinov, 1939, Afanas'ev and Bobolev,1971). In impact
experiments on solid explosive materials it was discovered (Kholevo, 1946)
that the sensitiveness was considerably reduced if the sample was prevented
from flowing. Afanas'ev and Bobolev(1961) produced evidence from strait.-.
gauge experiments which suggested that during impact the sample suddenly
undergoes a type of fracture. These authors proposed a mechanism of hot-
spot formation by the release of energy along slip surfaces formed at the
onset of mechanical failure (Afanas'ev and BoboleV,1971, Afanas'ev, Boholev,
Kazarova and Karabanov 1972).

The high-speed camera work of Heavens and Field (1974) showed that
impacted samples in the drop-weight test may undergo bulk plastic flow,
show evidence of partial fusion and even (with PETN) melt completely. The
flow speed during these processes is considerable and may reach a few 100 m s
Ignition occurred at a small number of local hot-spots. Strain gauge measure-
ments showed that pressures of typically 0.5 - I GPa (5 - 10 kbar) were ach-
ieved. If a sample failed by plastic flow this was accompanied by a sharp
pressure drop. It was after the pressure drop that the high velocity flow
phenomena took place and ignition occurred. Hot-spots were thought to be
caused either by local obstructions in the flow or by the rapid closure of
gas pockets trapped in the material.

Recent work has been concerned with studying the effect of added grit
.* particles in greater detail. The case of the hard, high melting point

particle is reasonably well understood (Bowden and Gurton 1949, Bowden and
• ,Yoffe 1952, Ubbelholde 1948). The basic idea is that when two solids rub or

impact together the hot-spot temperature at the interface is detewuined by
'I the solid with the lowest melting point. Properties such as thermal con-

ductivity and hardness are important but only as second-order effects. In
fact by chosing grits of different melting point and measuring the impact
sensitiveness Bowden and Gurton were able to measure hot-spot ignition
temperatures for a range of explosives. The hot-spot temperature found
by these workers for PETN in a drop-weight impact situation was ca. 700 K

*! for hot-spots of micron dimensions.

It is now known that certain polymers such as polycarbonate (PC) arid
polysulphone (PS) can also sensitise explosives in the drop-weight test
though others such as polypropylene (P) do.not (Bean 1973). At first
sight this result appears surprising since polymers are relatively soft
and have softening temperatures usually well below the 700 K mentioned
above. The primary object of our new work was to try to understand the
mechanisms by which some polymers give increased sensitiveness and why others
do not. At the start it appeared possible that the explanation could be a

L 1 11! 1 1 ! 11
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chemical one based on the production of free radicals which aided the
reaction kinetics of the explosive or a mechanical one in which hot-spots
were produced by the deformation of the polymer. The first experiments
were concerned with possible chemical effects and used techniques such as
differential scanning calorimetry DSC) and thermogravimetric analysis (T).
The mechanical effects were studied using the photographic and pressure
measuring techniques described earlier.

2.2 Studies of Chemical Effects

Experimental

These experiments involved measuring the reaction parameters for deco.-
position of pure explosive and explosive/polymer mixtures and assessing
any differences. The apparatus used was a Stanton-Redcroft TG-750 thermo-
balance whichallows the weight of the sample to be monitored whilst it is
heated at a constant rate, thus giving a weight-loss versus temperature
curve. The samples used consisted of" I mg lots of a mixture containing
251 (by weight) of polymer to 75% explosive. This percentage of polymer
is much greater than likely to be found in practice, but was chosen to
amplify any interaction. The explosive used in all these experiments was
pentaerythritol tetranitrate (PETN). The analysis follows the method
of Hauser and Field (1978 and section 3 of this report) and so is only
briefly outlined here.

Decomposition is assumed to follow an equation of the form

dw A exp(-ERT)w (I)
dt

with w the fractional residual weight at time t, E the activation energy,
A the frequency factor, n the reaction order and T the temperature. Since
the heating rate H is constant, one may write dT/dt - H. Substituting
in equation I and taking loSsyields:

dw A E=- IdT = Ulu- _ t + n In w (2)

Irv Thus a plot of (In dw/dT - n In w) against I/T gives a straight line if
n has been chosen correctly. The value of E is determined from the slope
of the line and A from its intercept. The analysis was carried out on the
Cambridge IBM 370/165 computer. The programs used fit a cubic spline to
the orjginal data and produce differentials which are then used to give plots
of (lnr - n In w) against l/T for values of n from 0 to 2 in steps of 0.2.
The straightest section of these curves for each stage of the reaction
there may be more than one) was then selected by eye and the appropriate
values of n, E and A obtained. The method is illustrated by the activation
energy plot for a sample of pentaerythritol tetranitrate (P M ) in Figure 1.
The technique was assessed in two ways. Firstly by using the obtained
reaction parameters and simulating a decomposition curve which could be
compated with the original. Secondly, the dehydration of calcium oxalate
monohydrate was observed.

CaC204 H20 "6. CaC204 + a20

A "
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This reaction is weil understood and the reaction parameters are well docu-
mented in the literature (Gurrieri, Siracusa, Cali, 1974, Freeman, Carroll,
1958). The results obtained with the technique outlined above were in good
agreement with the literature values and are set out in Table I.

Table 1: Dehydration of Calcium Oxalate Monohydrate

E/kJ mol in A/ln -

This work 89.5 t 3 20.2

Literature 88.6 21.1

Results

(a) Thermal decomposition of PETN/polymer samples

The polymers reported to sensitise PETN (Bean, 1973) were polycarbon-
ate (PC), polysulphone amber (PS) and to a lesser extent polypropylene (PP).
Results obtained in this work confirmed the dramatic effect produced by PS
and PC but showed very little increased sensitivity in the presence of PP .'
Samples of these polymers supplied by AWRE were ground in a freezer will to
sizes of <76 um and then mixed with PETN to produce experimental samples.
The heating rate used throughout was 10 deg min and the purger gas
nitrogen or argon. The results are summarised in Table 2, the figures
listed being averages of between three and seven different experiments.

Table 2: Effect of Polymeric Additives on the Thermal
Decomposition of PETN

Sample Es/kJ mol-  Ed/kJ mo1- In A /In s-  In Ad/In a-  n T/K

PETN 143 ± 5 193 1 7 31 1 4 44 ± 6 0.7 478

PETN+PC 130 + 10 214 ±30 30 1 6 53 ±1O 1.0 476

PETN+PP 122 ! 15 172 115 28 1 4 41 ! 6 0.6 477

PETN+PS 130 t 10 231 -20 30 1 4 49 ±10 1.0 474

In each case, a two stage reaction was observed (Figure 1), the first
stage being identified with the sublimation of PETN (E ,A ) and the second
its decomposition (Ed,A ). The values obtained for tA ativation energies
of sublimation 043 * 5 9J mol-I)and decomposition (193 * 7 kJ mol-i) are in
good agreement with the literature values. Cundall, Palmer and Wood,(1977)
quote 150.4 kJ mol-I for the sublimation of PETN while Roberston (1948),
Rogers and Horris (1966) Haycock and Verneker(1970) and Ng, Field and Of user
(1976) give values for the decomposition of 197,198,188 and 192 kJ ml
respectively. The value for In Ad of 43.5 is also in good agreemntwith
the 45.6 reported by Robertson (1948).

A larger spread is observed in the values of Ed in the PETN/additive
samples than the pure PETN. However, although some activation energy
differences are observed, there are no significant changes or consistent
trends. The values of frequency factor are much less accurate than those
of activation energy since they have been obtained by measuring the intercept

* The sensitising effect reported by Bean for PP in PETN is surprising
and we query the effect. It is contrary to our results and in fact Bean's

results for PP in other explosives show little or no positive effect..

,,9- l I I I Ir i ' - : ..- " P :" : ' " e



6.

rather than the slope. Again within the errors of measurement,they show no
significant changes from the values for pure PETN. If the additive had
significantly affected the reaction towards greatly increased reaction rate
then A should have increased and E decreased. Table 2 shows that only small
changes in A and E took place, and further that any changes of A and E
tended to cancel (i.e. as A increases, E also increases and vice versa).

The only consistently observable feature in the results is a change
in the value of n from 0.7 to 1.0 (except in the case of PP). A value of
n ca. 0.7 implies a surface reaction (for which n = 2/3) and n - 1.0
is the value one would expect for a bulk reaction. The explanation for
this is that the high proportion (25%) of filler material distributed
throughout the sample breaks up the PETN giving it a greater surface area,
thus favouring a bulk rather than a purely surface reaction. The result
for PP ifl explained by the fact that it softens and melts at a lower temp-
erature than the other polymers. PETN/PP samples were observed to give
droplets of polymer which then coalesced to form one drop. This effectively
removed the dispersion of particles which gives n approaching unity leaving
a surface reaction with n ca. 2/3.

(b) Thermal decomposition of PETN/Benzoyl peroxide samples

The results of the preceeding section show that the additives tested
have very little effect on the thermal decomposition of PETN. It may,
therefore be concluded that their sensitising effect is not due to polymer
decomposition products interacting with PETN. However, the possibility
still exists that, when polymers fracture or flow during impact, large con-
centrations of free radicals may be produced, and these could react with
PETN and cause ignition. Walker and Green (1976) have proposed that the
mechanical production of free radicals is important in initiation and have
done some experiments in which they find that tetramethylammonium tribo-
hydride (a free radical donor) causes increased reaction with ammonium
nitrate.

In order to test this hypothesis, mixtures of benzoyl peroxide and
PETN were used in a series of TG experiments. Benzoyl peroxide is an

.* organic oxide which thermally breaks down in the temperature range 310
* . to 350 K to form two identical free radicals

c 0 -0 2 - C - •6 6 .5 C - C615 6 - C O 2C6 H5  + 2CO2

It is widely used in the polymer industry as a 'starter' material for
free radical polymerisation as it provides a good source of easily formed
free radicals.

A number of TG runs were carried oat on both benzoyl peroxide by
itself and two PETN/benzoyl peroxide mixtures. The mixtures used had com-
positions of 75% to 25% and 932 to 7% by weight of PETN/benzoyl peroxide.

Due to the decomposition of the benzoyl peroxide, the only activation
energy that can be estimated is the decomposition of PETN, the sublimation
stage being buried in the benzoyl peroxide reaction. Simulated computer
decompositions of these mixtures were made by c.mbining 75% of the numerical
value of pure PETN run with 25% of the numericEl value of a pure benzoyl
peroxide run (and similarly for the 93/7 six). The figures thus obtained

MG
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were treated as if they h:ad ,een rt;il daa and the ;itmlysis carried out in
the usual mamor. Comparisu,(n of the 1 1,A arndi n vailus ohtained in real
and simulated experi.-ontrs, Table 3, reveals that Wiht appears at first to
be a very strong chemical it -raction is due to the ,'ombinetl effects of
the two materials acting independently.

.Ta _e_.3: k,,,a.' n Pa rain., .rs for PETN/ enzoY1 Pero:.:ide (b.p.) S ,
-I '-1

Sample F /kJ reol In A/in n

7% b.p. 93% PhTN 185 ! 46 2 0.7

7% b.p. 93% PETN 176 + 16 41 + 5 2/3
(Simulat ion)

25% b.p. 75% PE'rN 120 . f 29 2 0.6

25% b.p. 757 PETN 143 + 20 33 + 2 2/3
(Simulation)

(c) Effect of ul Ira-violet I i,'plt on the tlrmal .l(._mposit ion of PETN/grit
sampl. s

As 3 further test Cf the free-rddical initiation hypothesis, PETN/
additive samples were irradiated with ultra-violet iiglht as they ere being
heated in the TC. 11-V is frequc-ntly eflectivu in dc grading polymers by
breaking chalris with the, fermation o~f frec radicals. Both PP and PS are
susceptible to photodegradation by 11-V whereas PC is degraded relatively
much less. It wOld th,,refoi.o be cxtcred that, if free radicals are
important in sensitising P111N, both PP and PS in combination with U-V should
show an appreciable effect and PC 'ittlv or no effect. The results obtained

.in these experiments arc sot nut in Table 4.

Table 4: Razc itJon Par.imeter- in the Presence (if U-V Light

r-I -!u-1 S-)
Sample E /kJ mol ,n A 1in Ed /kJ nul In A d1n S n T f/

PETN 14 +5 1 - 4 93 - - 44 - 6 0.7 478

4 "S+ 4
PETN U-V 120 - 4 28 -2 183 - 16 45 - 4.5 0.6 458

PETN + U-V + 4 + + - 0.9 458
pc 124 - 8 9 - 3 196 -25 49 7

PETN + U-V + + + - -
PiP 102 - 8 22 - 1 186 + 8 45 3 0.6 458

4ETN + U-V + + + 4
PS 112 - 8 25 - 2.5 Ed 1'368 - 9 IrAd1 99 - 6 1.4 446

I'd,1 8 5 ±1 n IAd 2 47 
+ 5

Except for Lhr ra t her ano. , I ois bl hiv io r .f VS i t t hc decompo s i.on stage
(.uee later), th -rsult'. i Cr.,-,at-, that ''I'll small effects arL V roduced

... .. ...



The changes in the sublimation parameters E and A tend to cancel in all
cases and for the decomposition parameters 9d and Ad changes againd d hnges gaineffect-
ively compensate, particularly for polycarbonate. PP, PS and pure PETN
all show decreases in Ed (Ed2 in the case of PS) combined with increases

in Ad (Ad2 with PS). Thus the reaction is helped, albeit a little, by
the U-V radiation. This is illustrated by the slight but consistent,
reduction in the reaction peak temperatures Tp.

PS shows the most significant changes in that an extra reaction stage
appears. This result was found to be very repeatable, though it is not
fully understood. Although Edi (for the new stage) is very high, the value
of Ad1 more than compensates for this, and Tp is reduced by 12 K. The
initial and final stages of the reaction are virtually unchanged by the
presence of this new stage, which only has a small (ca. 9 K) range of activity.

A further series of experiments on the PETN/PS system was carried out
in which the U-V light was switched on or off during the course of a run
and the effect on the reaction parameters noted. These experiments show
that the stage of reaction at which the U-V is present is quite important.
If the U-V is switched on at any stage before a third of the material present
has decomposed, then a three stage reaction is observed, otherwise no effect
is observed. When U-V has been present for the initial stages of the reaction
(even if only one eighth of the explosive has decomposed) extinguishing the
light has no effect and the reaction proceeds in three stages, as if the
U-V were present throughout.

These results indicate that the U-V is effective in breaking down the
PS to produce free radicals which then influence the decomposition of PETN.
If, however, PETN decomposition has proceeded to a significant extent before
the U-V is present, the irradiation has little effect. This is probably
because the free radical concentration produced by the PETN alone is already
much greater than that which the lamp canproduce. The observation that
extinguishing the lamp early in the reaction does not stop the three stage
process indicates that the major influence is the concentration of free
radicals in the initial stages of decomposition. The influence of U-V may
thus be summarised as producing such a concentration of radicals in the
early stages of PETN decomposition that the decomposition process is speeded

S. up and the reaction parameters (and presumably the details of the mechanism)
1 are changed.

That PC is not influenced in this way is not surprising since, in
comparison with other polymers, polycarbonates are not degraded to any
large extent by U-V (Ranby and Rabak, 1975). It is, however, surprising
that if such an effect should be produced with PS,PP remains ineffecitve.
Both PS and PP are degraded to a large extent by U-V and both produce
large concentrations of radicals when degraded. It suggests that the
sulphone groups have a specific effect on at least one of the stages of the PETN
decomposition. Support for this comes from the work of Reich (1973) who tested
the compatibility of a range of polymers with various explosives. PS is one
of the polymers he lists as incompatible with PETN since he detected an
increase in the value of the reaction parameter n in the present of PS.
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From the series of experiments described in this section, it may be
concluded that there is no major chemical reaction between PETN and any
of the polymer fillers. The only exception to this is PS and then only in
the extreme conditions of having a high intensity of U-V shone on the sample.
However, the effect, even with PS, is still only marginal and the conclusion
has to be that chemical effects, although present, are only of secondary
importance compared with the mechanical ones to be discussed in the following
section.

2.3 Photographic Observations of the Impact Behaviour of Polymers
and Explosives

(a) High-speed photography of impacts on polymer samples

The impact behaviour of both polymers and explosives was photographed
using a C4 rotating mirror framing camera at framing intervals of
ca. 6.5 ps. Impacts were observed using a transparent toughened glass
anvil system similar to that of Heavens and Field (1974) and is shown
schematically in Figure 2. The weight of 5.5 kg was dropped by an elec-
tromagnet from a height of I m, the fall being guided by three cylindrical
rods.

The behaviour of small discs of polymer ca. 2 mm diameter and 0.8 mm
height under impact is illustrated in Figure 3. Figure 3 shows selected
frames from an impact on a disc of PP. A trace of radial expansion versus
time is given in Figure 5. With this material, there are no rapid changes
in the expansion rate and bulk deformation occurs throughout. Figure 4 is
a higher magnification sequence for an initially 2 mm diameter disc of PS.
Its radial expansion is also included in Figure 5. This material deforms
initially in a bulk manner but eventually fails catastrophically (see
frame 4(c) and Figure 5). PC gives similar catastrophic failure to PS.
Microscopic examination of the samples after impact confirms that catas-
trophic failure of PC and PS is associated with rapid cracking and shearing
in localised bands. Figure 6 is a micrograph of a deformed PS disc. There
is a network of fracture throughout the sample and sets of fine parallel
shear bands (one set is labelled s). An enlarged view of region s, but
rotated so that the bands are horizontal in the figure is given in 6b. It
is argued later that it is these regions of localised deformation (crack-
ing and shear banding) which give rise to "hot-spots".

These observations lead to the conclusion that the polymers used may
be classified in two broad groups: (i) Polymers such as PC and PS which fail
by the production of many fast moving cracks and local shear bands. This
is accompanied by rapid radial expansion. (ii) Polymers such as PP which
deform plastically at quite a high rate but do so by bulk deformation and
without cracking and/or shear banding.

(b) High-speed photography of impacts on explosives

Heavens and Field (1974) photographed the impact of a wide range

.17
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of granular explosives. Powdered PETN was observed to be compacted into
a pellet and then to undergo severe plastic deformation. The material
became translucent and finally completely transparent with very rapddflow
(300 m s-1 ) which Heavens and Field attributed to melting. Ignition occurred
in this final stage. RDX partially fused when impacted between glass anvils
and there was indirect evidence of complete sample melting of RDX between
steel anvils. Pressure-time curves obtained by Heavens and Field showed
that a sharp pressure drop occurred when the sample failed plastically.
Ignition, in samples without added grit particles, always occurred after
the pressure drop and when the explosive was flowing rapidly. In the
present work a large number of experiments were carried out on pellets of
PETN and the behaviour was very similar to that described by Heavens
and Field for granular material. Figure 7 illustrates a typical
result in which a 25 mm pellet of PETN, pressed to 5k bar and of diameter
5 mm is impacted by a 5.5 kg mass from a height of I m. The same type of
behaviour as described for powders, can clearly be observed. In frames
a to f the material is deformed lastically and becomes translucent. Trans-
parency and rapid flow (230 m s- ) occur in frame g with ignition at sites A
and B almost simultaneously.

The results obtained with a large number of such sequences show that
ignition only occurs if rapid flow, as observed in frame g, takes place.

Although rapid flow is a necessary prerequisite for ignition the converse
is not necessarily true and many failures occur without a resulting ignition
This suggests that there has to be a particular region in the flowing material
where a "hot-spot" develops. These regions could be associated with gas
bubbles, foreign particles or enhanced flow. If discontinuities of sufficient
size do not exist, ignition does not take place. Note that fast reaction
always starts at localised regions (see Figure 7 and the sequences in
Heavens and Field).

(c) High-speed photography of impacts on explosive/polymer samples

A number of high-speed photographic sequences at framing rates of up
to 2 x 105 frames per second have been taken of impacts on explosive/grit
samples. These sequences were taken in transmitted light using the experi-

*mental set-up described above. The first point to emerge from these
experiments was that,unlike impacts on pure PETN where ignition never
occurs before transparency and rapid flow of the sample,have occurred,
when a grit is present, ignition can take place before the explosive has
been sufficiently compacted to fail plastically, form a transparent layer
etc. This observation implies that the pressures needed to cause explosion
are much smaller than with a pure material.

If a sample ignites while it is still opaque it means that small
polymer particles within the pellet can not be seen, and thus association
of the initiation sites and grit particles is difficult. To overcome this
problem, two different approaches were adopted. In the first instance,
pressed pellets of pure explosive were surrounded by polymer discs and the
impact phenomena of the whole array photographed. The second type of experi-
ment involved pressing pellets of explosive, into which had been put single
polymer discs, effectively modelling a single large polymer particle in a
sample of pure explosive. Examples of results obtained from these experi-
ments are illustrated in Figures 8-I.

Figure 8 shows a 0.65 mm high PETN pellet surrounded by five I u
high PS discs. During the impact the PETN disc (dark central area) breaks
up and is forced into close contact with the polymer. The polymer discs
deform plastically and then undergo catastrophic failure as described

earlier. In frame 8b all the discs are exhibiting cracking and shear band-
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ing and by frame 8c have failed catatrophically. In frame 8d we can
see the first ignition site (labelled I) with reaction spreading along
two paths into the PETN. A second site (labelled 2) has developed in
frame 8e. By the final frame, fast reaction has spread throughout most
of the PETN.

An example from the second type of experiment is shown in Figure 9.
In this case a single polymer disc of PS was pressed with the PETN
powder to form a composite disc. The selected frame shows ignition at
three points (I to 3) on the polymer/explosive interface. The polymer
is the lighter central area, and the darker annulus is the PETN. In
the lower part the PETN is becoming ligkor and this is due to the onset
of fusion. At its outer edge the PETN is beginning to produce fast jets.
The mottled appearance of the polymer is partly due to catastrophicfailure
and partly due to a very thin layer of trapped PETN. This is why reaction
also spreads inwards as well as outwards. Frame 9b shows a later state
where fast reaction is more developed. The expansion velocity of the PS
disc just prior to ignition was ca. 35 m s . The catastrophic failure
occurred between frames. Experiments with PC showed that it behaved
in a very similar manner, with cracking and rapid radial expansion followed
by ignition at the interface.

The situation with PP is quite different and, although much radial
expansion at quite high velocities is observed, the polymer does not crack
or shear locally and ignition does not occur.

The results obtained with HMX/polymer systems are similar to those
obtained with PETN. Figure 10 illustrates an impact on a 20 mg sample
containing a PP disc and Figure 11 a 20 mg sample containing a PC disc.
In both cases the polymer is the light central area and the explosive the
darker area. Figure 10 shows that yield and flow of both the PP and HMX
occur but no ignition results. In Figure 1) ignition occurs at the polymer/
IM interface (frames d onwards) after catastrophic failure of the PC.

The findings of the photographic work described in this section may
be summarised as: (i) ignition occurs after or during the catastrophic
failure, cracking and fast flow of the polymer; (ii) the initiation site
is very closely associated with the position of the polymer and (iii) of
the polymers tested, only those which undergo catastrophic failure are

Ii effective in promoting ignition.

2.. Impact Behaviour in the Drop-Weight Test

(a) Impacts of polymer samples

Samples of the polymeric materials were impacted in a drop-weight
* machine at strain rates similar to those observed in the photographic

work (I ca. 10" s-')so that differences in their mechanical behaviour
could be observed. The drop-weight machine used was similar to that des-
cribed by Heavens and Field (1974) and is illustrated schematically in
Figure 12. The sample was placed between rollers RI and R2 which had their
edges ground down to give a sharply defined contact area of diameter 5 mm.
The samples used were discs of polymer typically 1.5 mm high and 7 mm dia-
meter. The contact area was lubricated with colloidal graphite. Two
semiconductor strain gauges were mounted in series diametrically opposite
to each other on R3 in order that the resistance change induced in the
pair of gauges during impact would be due to compressive stresses alone.

j9I
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The system was calibrated statically using an Instron machine.

As the sample diameter was greater than the contact area, the area of
contact during impact remained constant throughout the whole process. The
pressure-time traces were obtained on paper-tape utilising a Data Lab DL922
transient recorder and analysed on a HP9825 calculator using a programme
based on the method of analysis of Afanas'ev and Bobolev (1971). The
programme numerically integrates the force-time trace produced by the
.equipment to yield a velotiy-time trace for the weight

V(t) - Vo-M I tI F(t)dt (3)

with Vo the velocity of the weight at impact and M its mass. A second
integration gives the displacement of the weight as a function of time z(t).

Zt - V(t) dt (4)

z(t) is the compression of the whole system (sample and anvils) and a small
amount z (t) due to the compression of the system, which can be determineda.

by performing impact with no sample present, is subtracted from z(t) to
yield the compression of the sample.

z (tW - z(t) - z AWt (5)

The sample strain is then given by

(t) - In ( H -H W (6)

with H the initial height of the sample and c(t) the strain at-time t.
The stress at time t is given by division of the force-time curve by the
area of contact A.

c(t) - F(t)/A

Elimination of t between equations 5 and 6 yields the stress-strain curve.

• ,Results obtained with PC and PP are illustrated in Figure 13 (a) and
(b). The behaviour of PS was similar to that of PC. The main difference
between the two materials is the evidence of catastrophic failure in PC
(as shown by the sharp drop at c - 1.8) and its absence in PP. Both mater-
ials show evidence of strain softening followed by orientation hardening,
but the strains which PP is capable of are far greater than those achieved
by PC. The onset of orientation hardening also takes place much earlier in
PC at a strain of ca. 0.5 as opposed to the value of 2.0 observed with PP.
At strains of >2 the thickness of the PP layer becomes comparable to the
correction factor for anvil deflection and thus the calculated strain
become increasingly unreliable.
The shape of the stress-strain curve may therefore be inaccurate at high strains
These results confirm the findings of the photographic work in showing
a marked difference in high strain rate impact behaviour between sensitising
and non-sensitising materials and again point to catastrophic failure as
being the process responsible for a polymer's sensitising action.

L '
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(b) Impact behaviour of explosive/polymer samples

The sensitivity of pure explosives PETN and HMX and explosive/polymer
samples were compared by determining their 50% height on the drop-weight
machine outlined above. The 50% height is the height from which the hammer,
if allowed to fall freely, would have a 50% probability of causing initiation.
The method of determination was based on the "up and down" method which is
fully described in Dixon and Massey (1957).

A large number of drop-weight tests were carried out on explosive/grit
samples to determine (i) which polymers gave rise to increased sensitiveness,
(ii)if the size of the grit particles was important,(iii) the effect of
variation of the percentage weight of grit, and (iv) if a polymer which sensi-
tised one secondary was effective in sensitising another. All the experiments
were carried out using twenty 25 1 1 mg samples of powder which had been
pressed statically to 10 kbar to give pellets of 5 un diameter and approxi-
mately 0.8 nn height. In these experiments, three grades of grit were used
which have been called coarse, fine and very fine. In the 'very fine' grade,
all the particles had been through a 76 pm mesh, the 'fine' grade indicates
that the grit was used as obtained from the freezer-mill with a maximum
particle mass of ca. 20 Pg. The coarse material was as-received grit from
AWRE with particles of mass up to I mg and up to I mm long. These reuslts
are set out in Table 5. Unless otherwise stated, all the samples contained
20% by weight of grit

Table 5: 50% Heights for Explosives and Explosive/Binder Samples

Sample 50% ht (cm)

PETN (pure) 21.8 1.0

PETN + PC (very fine) 10.5 - 2.0
PETN + PC (very fine) repeat 10.7 - 0.6

PETN + PS (very fine) 11.1 0.3
PETN + PS (fine) 13.0 ± 1.5
PETN + PS (coarse) 10.4 ± 0.6
PETN + PS (1 nm high, Imm diam.) 10.5 ± 3.0

PETN + PMMA (coarse) 21.0 2 1.6
PETN + PMMA (fine) 19.2 ± 0.8

PETN + PP (very fine) 18.8 ± 0.8
PETN + PP (very fine) 10% grit 19.2 ± 0.7

HMX (pure) 29.0 ± 2.0

HD4J + PC (fine) 16.0 ± 1.5

HMX + PS (very fine) 15.1 ± 3.0

HMX + PMMA (coarse) 22.6 1 3.0

HMX + PP (fine) 24.4 ± 0.8

AgN3 (pure) 19.3 ± 0.8

AgN3 + PC (fine) 16.8 ± 1.3
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From the results set out, it can be seen that the size of the grits
used does not have any great effect on the results produced. It might be
expected that, if the effectiveness of the grit depended on its ability to
disturb the flow of the explosive as it was extruded from between the
anvils, the larger particles by virtue of their size would prove more effec-
tive, the very fine particles being so small as to be carried along in the
flow of the explosive. The results obtained show that this is not a major
factor.

The results also show that the grits are not specific in their action:
PC and PS being cqually effective in sensitising HMX and "ETN, while PP
and P"M only slightly sensitise both of these secondar, explosives. As
noted before (see for example, Heavens, 1973, and Heavens and Field, 1974)
primary expl(,sives such as lead azide Pb(N )2 and silver azide AgN 3 are not
particularly sunsitive in the drop-weight test provided the anvils are well-
aligned. However, as the table shows, the polymers do have a significant
effect on the sensitiveness of AgN 3 and in a consistent way. Finally, in
one set of experiments the percentage of grit was reduced to 10% but this
caused no significant change.

2.- Thermal Properties

(a) Mechanical effects and thermal properties

The mechanical failure properties of polymer additives appear to be
of major importance in determining their sensitising effect. Those mater-
ials which undergo bull plastic deformation proving ineffective as sensitisers
and those which fail cz tastrophically and with intense local deformation
effective. Thermal prc-erties areof majoi significance in determining
the failure modes of pcLymers particularl3 when high strain rates are in-
volved. This is because they soften at relatively low temperatures and have
low densities, specific heats and thermal conductivities. Additionally,
materials can desensiti;e explosives by effectively acting as heat sinks
and quenching hot spots before they can fully develop. The work of Bowers,

Romans and Zisman (1973) for example, indicates that sensitivity decreases
with increasing specific heat of additive, those additives which are most
effective in this respect being materials such as"Superla wax"or"Carbowax"
which have low melting points and thus absorb their heat of fusion.

In cases where thermal properties were not known they were measured
using a Perkin-Elmer DSC-2 calorimeter.

The results obtained show that both PC and PS have specific heats
which range from 1.25 kJ kg-1 K-1 at room temperature to 2.35 kJ kg-1 K-1

at 600 K, the increase )eing reasonably linear. PC has a melting point
of 420 to 430 K which oily introduces a very slight increase in the effective

* specific heat, giving a latent heat of fusion of ca. 7.2 kJ kg . PS shows
melting over the range 470-500 K with a heat of fusion of ca. 6.6 kJ kg- .

PP has a greater specific heat, varying from 1.92 kJ kg-1 K-1 at room temp-
erature to 2.09 kJ kg-1 K71  at 450 K. It melted over the range 390 -
460 K with a latent hea: of fusion of ca. 64.0 kJ k - I K- 1 . PMA had a
relatively constant spe:ific heat of 2.9 kJ kg I K' over the range 470 -
630 K where a large dec~mposition endotherm was produced. From the results
set out above, it could be predicted that, on the basis of thermal properties
alone, the order for ho:-spot quenching for the polymers investigated would
be PP, PMMA, PC, PS.

p.
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the present investigation and theo subject (if polymer friction and we.-ar in
general.

(a) Apparatus and technique

The apparatus constructed to perform these exper-inIonts was l)Jsical ly
a modifi car-i on of thiat described by 13o'eden mnd Thomas 0 954) and is shlown
schema l~tjicl I y iin Figure 14. It consis ted of a 50 mmi dinmc'ter rotating saphire
disc. (i ufra-red transilitting to ca . 5.3 p im) oaoinst \-.iicii a pcil'.eeer pinl was
loaded by imeanis of a balance arm. The area of the interface under obscrvat. on
was dofinied by a 0.3 8 slit itountcd directly above the rotating disc. The
disc rotiited at a frequency of ca . 56 liz givinig anl interfncial velocity of
ca.* 7 m "s- 1Move this disc was a. PMMlA chlopper with radiol regions i~n the
sequenPc,blacked-out:, slit, P'MA , slit, b-i :cked out etc. The disc was to-

taLt s ta h rod ina ien from the interface-- was choppcd at a fre-quency
of 10 1kIlz . This allowe'd temperature voriations of duration I mci or. grczatcr
to be follIowed (since, for any one teciperat tire d-crmiation, a colir,,ii e
b] acked -out to blackc. W-out sequence must lhe obtained, i.e. 5 'chopfs'). Af ter
chopping, the radiation was detected by a Mullard PPY 36 infra-rod detec 'ar
which is sensitive over the range I - 5.5 I.nn with a sharp cut-off at 5.5 ,Ir.

*The detector w.as biosed to give the best signal -to-noise ratio. Th.? detector
output was taken- to a Tektronix 7A22 ai;p-ificr and the amlifierT cutout Was
fed to a Datalab DL9?.2 transienit recorder. Traces were then punclaed onto0

* ~plper-- tape for analysi.s on the 111' -Pear i 9825 desk-top Calculito
and plottemr.

1he purpose of the ]'*,.'A filters vwas to provid-L on absot ption ['anlld
(ca . 3.5 v~r) wi-ch1 wouild aosorb a di f ferimg Iproprfrt le of the si goA depcild-
ing' on t1:2 tf ciePera tore c0iof tie! Source . Thu:s, by calculaiting- the ao I / 1..,
(WithI II t-. eiOtens it y t h reugl t ha slit aind I.- t hromuga the filter) for ,u%-!*ce S
of variou.s- kno-n te2'.' ortures, a CeaiV irietcreOf 1./1..aantt~icrtr
could bc cr nand eeL . (i)csoresie-mee of Cot her1 sources j i iIg Ch

c urve. In o rde'r fr H Le c.,l1 ib r,,t io0', t o V. vali d , i t S So t-1a i tht th
sos:s(cal ibra.tion and s-pvc ine-a) wer o 1 vv;ash e-bd c P ro!) I ens

ps oci Z!t td v.'i tb 11t di vntsi';uc hnviiv,' di fer e 1;iss vi t c
are el imiiieat c by tto! uise of the ratio T/IF.-



(b) Calibration

The theory of calibration follows the treatment of Land (1944) and
Parker and Marshall 0948). Frow Planck's radiation law we have

EA,T = C C x-5 / (e T. T - I) (7)

with F ,T the energy emitted by the black-body at wavelcngth X and temperature
T, C and B constants and -., the emissivity of the surface at wavelength X.
This caki be approximated to Wien's formula.

h A g .p t X 5 exp(-B/ T) (8)pp

with E the radiant evergy received by the detector. A a constant dependent
on the area of the source, G, a constant dependent on the geometry of the
system, t the transmission coefficient of the sapphire and X the effective
wavelength of respoisce of the detector. The relation betweeB the response
of the detector H and the energy falling on it is of the form

H =Em (9)

with m a constant.

Thus from equations 8 and 9:

-5

In H m(In (A C t) + In(x p ) B/X T) (I0)

When the radiation passes through therPMA filter the optical properties
of the system arv changed , and Xpehange) but the factors A, G and
t remain the same. Thus if H' P is the reduced output on passing through

.the filter we may write

In H' = m(in(AGL) + ln(c x) - B/A'T) (II)
p

From equations 10 and 11

In = nl, - -- - (12)P ,
- p p p

This relation is independent of the source area and geometrical fractors and is
independent of the absoiute values of the emissivities. It depends only on
the differences in optical properties of A and *' (and this is dependent only
on the properties of the system with and w~thout he filter). Thus a plot
of 10, against should give a straight line and, in fact, this is what
is found. T

Initially caJibration was carried out using a 2.5 mm thick P'Mg4A chopper
disc and a 0.27 nun diameter platinum wir, as an artificial hot-s-ot. The
temperature of the wire was varied by changing the C current flowing through

it. The voltage acro,;s a c.ntral portion o the. wirt. w;s monitored via two
2'.4 pm diameter plaLinir, wire5 which were spot-wulde to the larger viret 43.0 mm,

apart. These wires were! thin to,ough not to affect thIe tempTera:iirc of the larger
wire which was cosider..A to be unifc.rm over the 46.0 rma long middle portion.
From the knowledge of t,,e resist.-ince of thAs central ','rtion, it r t(mporaturc
was d-tvrmined using stand:,cd t,,hles. The central portion was

* r I - r " ': '' - " J = " :
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a ltg- i leele 1i C1 (s ler tv-ni o (ewi'1i of -iiInd(Ti~

Of . ! I Ch Ie VU i itt' I I hr -~ w ra'e ill ii i )'m va I 11ie Ili tho rati10



(c) Results

In the experimental investigation, polymer pins of two different dia-
meters were used: swal pins of diamnettex ,a. 1 .5 ilm anld largpr pins of dia-
nieter ca. 6 twii. The smaller diam-,eter piis werre ised in the initial experivncat!
but for the l ate'r moisurements large pinsi wcve used ~;ncthe smraller pins
gave a poor signail-to-signail no~ise rati~o and were very; ons~iy deformed due
to their large lengtlh/diameter rat-lo. Tile nu in problk:; with the use of the
larger pins WaS thA I u;nsida.rab ic hoeat ing of the sipphiie disc took place
and surf!!Le terlp. rati'res of up ti 360 K. werk, rtecorded on pla~cing a tlermo-
couple in contact wito t0& disc iz7-,,iiIteiy 0I -?2s) :ft,r doin. n. run.
flue to the consi dernib c t 1ermuz1 i m;i-.s of t',,. di.,;, i t s rat c of cuoling was
quite slow (11C -2U .; per in i no aod so the Iij.gurfc quoted above gives
a gond iudi:at ioo of the huilk t empc rat ur,, roaclheel bly thc apphirv. in the
course of an expor3 ncwr.:

An ,n.;)ri:nert in which the si -oal lcv,.1a' rt~icordeci i:ith the large pin
it, contnct w elii flt' dis,: id aW'.iin inei t,- rvmoval indicated thait.
the vegv;~i to tho bin 1k beeoii ig .:f t-hli diZL d',_(''I' td for approxinmately
one third of tlie teitzi 1~ig Surb a 1' -'e utntI from a lower
temnternit ure ouercv wi I iiV11 a RI Xcd s iwia~ i willI tend to reduce the
Meausured b1 :ickr-h'dJy t ~a r oav2u'. t:1 ce uuea. Thus the readings
obt-i ned with *hij I ar1T r-., will tihh~n nderf stii~ates of the interface
t cmpe ra f ic e . 1,., 1 hc ' ii c o ' re~- i.u1 s g i,.. b tow (ta *1' ) "he riaximwjIIa ck -
boidy t-e mpe i ,t k r o r e c o' 1 d b y Co e - vtot c mI for ;an y g iv c - pt, ynrr ire spe ct ive o f
the typ( of p~ uoe;d is q~uoted.

The ri*solts of 4 b o -iveragvs over thc t;t al. porti on of the
i-iterfcev are_:i wkthi ithle d 1 _c 'Ait ol viewv ad, it is quite likely that

some xe~ ion (rb~ ' ' -tvlv do i c.ried) -w illx~ teplpe rat utres above this
avorago v,) toi( aiid othikr will By1h~u.r n ~ h far the largest amount
of cxporir~oent:i] P11 - *tv i ~yir I .;!d PC !,( tliat with an
itcrvaied azM~kUit fC fil v~r'. iion Limea it may lic po'.sib1v It) ecord higher

mxm vA~U~ of -eilrtt fiw -~ I hIe .t re! w.tria s . Iis, however, in-
tf-rest i oe tlj.,t th( reCpq. . b a into.2 c ltow tho orecr obtained for tho-

setlsliet iCO. jf th: tiiiieex -,xturcs. 1t :s clear, particularly
in th( ca..:, of !1C, * ni frrau . i aiovt? t hc et:)m1ie to ally quoted

* SoAtvni~ig tfnvicrat uro. if 41 ". .311d th -,oservoll 'nC Itjng ' temporat ure (in
1*previ;otiuo ork) (if 4 3( K -r!- obt ai iabl.bI In 4ht- c:i-se of PP however this war not

found tO i'e t1W CaSe ;111 cV' teMp.rt &it"', ah<)',L the coamoncornent of melting

at 300 X< wi.-rv bi~&

Talfloc 7: -------- _jjresAc v~ lurtn olyLe Frictiol

ro Iyre r aiur ntfvrfa: :i i Temperature/'K

PP 360 :30

IWI1A 4 Q 3

PC490 10
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I.,m.t ~ ott~ p Iy i 1 fZ n af I C i - frTi C t 1,1 Pi X I ) -'pe T n; i P ,S v] v.%

lint ill 1.iw ofs( Fl, 1(nd PId ,4et'rc deteor)n;L ion ol t Ii polya V7: had ,) beetn
p I'( t11 i. I C\' nC , 01f inil III ; 1 tLt Cii I1 ' ;mdl s eI) i o.;1 )f nioIecul I -IT Iaye-r S
TII L'I I';II IlW :CV~C re ja VAUeC l 1L 10)Ci r(II 11d td Op1aii;ILee I hi*ch ui t C! a ,t d~
th[10 t 11W I. Lu i Of chi) suarface in ye rs had t k en p1 ace.

Fi ,ur 17 shows; t-he ovorai 1] appearance of the pins after the experiment
(a) i s 1 P pin, aad thIe manmy I Iiet-s whi eli iavo sheared of f and hail t up (in
the Lra I ii- cmi ge are c I early v] s ibe I. (b) i s a PP pin aind shows tin; rounc- (I

meled I ci ig ape'.r'-eeof the surface. (c) i s a PMY1A pin and shlows the
rouhc d s rc. bi_, or'd wit h no) bu ii.d tip on the trail ing edge. A] I tuje

pins inl Fisurc 17 were, Of dli;;zte r 6 mm.

Nicros cop i (-c;inn tion coo 'ifi md thait very severe de format ion of PC had
takenl p1 aCe wit ii l a ew i d,-!c oi- cons idorab 1e strain in the fricrtijonal
direction (Figure 18 (()). P',,A (F'gurc 1 8(h)) pre sented a rather ' pOu'derv

ap~.m~icWith iln!o 1 (LII icr (in maiteriatl onl the surfaice. The \ierin;x'
Of tILe P-.21 p~in)s rc'n in a, mere hit ti. manner withi small part icles i
out Of tilC nor~f;Cf en id Vitl n~ro natnaIa nof sheared or melt-e l a vers on LI1

t ra ii, o edge of the pin. The Suarf ace of PP On the othler hand \ca S re 1 aiA
featurel ess; as miirit be expccted from a mel ted and ref rozen itayer.

Al the nab!I t lier i s (I r ev idacre thait PC haid de foriied by the ,hearin,.'
of 1f avers * to le wapo ev ide oe of cat as: rophic failuore having ta-ken p)ILace
the sheen ot; cool d hr fol ov-ed by) the nakecd eye and toolk pl ace ov'er a tiffw~-
scale o t eno. I s feor a 6 mm P . Noet es t empe rate rcs well above the
CenMIL1icri Ia socitten i n,, tmipcra t iru '..Yf- I'cIrcoaned ki tli Pc, and , wino if leJfwarci
i s ml-,def in the faic- thawt tiee -t r vcae over tHie iwh-ole s or ieee, it e 1-
Seml pe iItlit, une i~~(!_'-ca';d tJn .i;Of etace(and Probably locally_ r api (1
dofor;;~at Loin, very 1)i,,h tCeIll-a':a*LreS could !I, achieved l~y pcI vincas Iauthl aS 17.
These t rpriLrswwil( b e well abo've th- Iinn ts set Iby tie old ideas of tlbe
tempt rat ore rise aclii eyed in) friet ion being limited by thle mel ting' point of
the I oieer me It ivn poit iia term 1 whiich was based on thec fri cti onal propert icen
of mtals. Any incecase in mel ting point oif the polymers due to the force
applied by the eomi't erweliglt would be negli hi 0bl Since MaXimum1" Weight f
used w it h thbe 6 main piu[s was 2 kg mid wi th thfe I . 5 mm p)i ns w as 5 00 v gii a
ma>:ii mom stres s of 3 NP;i , which) corresponds to ea. 30 ba-r. Tb is voo Id have ain

n i~'nific'nt ef fC Ltill the mlc tine,- poinlt, variations of en. 200 bar being,
nc cdid to c~iaso an1 a.re1 h c 100 K) cange (zolle r 1978) . it does
tlw IIfot pei ntli n iae cn be reached during the deformatifn
o f p oIxvewrs , a nd, n ti d Ic i n o f ,Iy syvste(Im c on ta in ing a polinaer , ceusice:alm c;n
Ins t be -jv x 1I to ic p a -s iiit I of hi, gh temrperature ileg ions during e or>.i

2.7 C'' P e'u

A i in I ' h-p.aphoetograph K, p~resure meaosuring and
th r1 iiI i . 'i; icc- li x% bcrn used to st iidy the behavinur and i1 or-

nicti'c: ;if 'l 1 cxC~'ia inte.raictions, for Ct-, iiatel'ial
to IW Ofi tciw hccf m-t~ compaced v;1th t"oeliani c. I Coil". i'--

e11i 'ui, i irure . A csices c foinci to i nilli t i 11v

n ft( r i- I! _n d. it! (.,1 1w p had1 ocecimred . Tn the
pVi.: Of J r i r ,t -Lv( ire un c,, .rn vic!i not

0'....... '' Lo: ko t 1 - II,1 V 1 1,cp at p~ r an

IL v iA ) 1 T
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cause sensitisation. In order to test this hypothesis, two polymers were
chosen on the basis of their strength and thermal capacity; polyester which
has high strength and low capacity and high density polythene(HDPE) which
has a low strength and high capacity. They were mixed with PETN and tested
in the drop-weight machine in the same manner as the samples described earlier.
The results obtained, together with a few ,romparison results from Table 5 are
set out in Table 8. Thermal prope:rties can be found in Table 6.

Table 8: 50% He1ights for ExpLosive/PcIymer Samples

Sample 50% height (cm)

PETN (pure 21.8 + 1.0

PETN + HDPE 24.8 - 1.5

PETN + PP 18.8 - 0.8

PETN + Polyester 15.5 1.0

PETN + PS 11.1 -
+ 0.3

These results confirm the predictions that polyester should sensitise
and HDPE should not. In fact it appears that 1IDPE is acting as a desensitiser.

The conclusion reached, therefore, is that polymers which are most
likely to sensitise are those suic as PC which are tough below their glass
transition temperature (as opposed to PMHA which behaves in a much more
brittle matier), and are likely to fail catastrophically. Those-least
likely tosmsitise are those which have a low glass transition temperature
(PP or HDPE) and which deform in bulk with little local concentration of
energy. Polyester is somewhat intermediate in behaviour (arid sensitising
effect) lwtwee;n PC and PMNA as it it toughcr than I'MMA but much more brittle
than PC, and so fits quite well into the expected pattern.

In the case of the former the melting point of the particle is the
important property (Hwden anl Curton 1q49). That this is so is e-sen-
tially because they are materials with well-defined r.elting poin1ts and
relatively largo lat.-nt heats; the hot spot is generated to the melting
point. In contrast th:r polymeric mat..rials which sensitise, soften over
a range of temperattr('!; and have low latent hears and thermal condutivities.
If heat is pri)dored by loca 1- sed cat ast ruphic failure hot spots wil form.However, when softeojug of the polymer starts the material will still

maintaiin a high visc(,,.ty. Cnzinuing deformatim, will be able to (on-
tribute further tenperature rises by viscous heating. Ther thermal
losses in the case of a polymer .re very low compared with most other
materials because kf the low latent hear, tht.rmal capaciry and conductivity,
and the hot spot iii not quenched Go readily.N

The friction experiment gave cvidence of temperatures well above the
softeli ng p si t. 1In this experiment, an average tempdrature for a contact
area of ca. 25 M.:2 waj maintained. J.,,al hot spot temperaiture would be

- •lO- | I
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expected to exceed the values recorded. In other experiments in the laboratory,

the temperature rise at the tip of a crack propag:,ing in a polymer was re-

corded, again using I R techniques (Fuller, Fox and Field 1975). Two impor-

tant results emerged front this work. drh,- first was that temperatures well

above the softening points were observi d. Secondly,that the fracture surface

energy increased with crack velociy. This latter result was

explained by the high temperatures causing softening of the material at the

crack tip thus requiring more energy to be expended in crack growth.

It is clear from the earlier work and the present work with explosive/

polymer samples that sore polymers can reach very high local temperatures

during their deformation. This is clearly relevant to the safe handling

of explosives since polymeric materials may be used for packaging or as

binding caterinls in explosive composites. The results also have interest

to studies of the fracture, friction, erosion and wear of polymers.
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FIGURE CAPTIONS

1. Activation energy plot for thc- thenmal decomposition of PETN for
various values of react ln orN r n. '1he n value which gives the best
straight line se;;m.,onts is c.e --ppr,, riate to the reaction (here 0.8).
Those two steps (see dahed linc.) corri-sprding to sub limation, stage 1,
and decompositiO:1 stage 11.

2. Experimenta l rrngemcnt at instant of impact, W; drop-weight; G,
glass hlocks; M, mirrors; S, sample. The upper glass block is
attached to the weight.

3. Impact on a di"sc of PP. rh sample deforms by bulk plastic flow
throughout. Diameter of fi(.Id Al view 20 ms. Frame time/.s
a,O: 1,70;c,266. The zero times given in this and subsequent sequences
do not correspond to time aftcr initial contact.

4. Impact of a disc of PS. The sample deforms initially by bulk plastic
flow (frames a and b) but, then deform, catastrophically (frame c),
Diameter of field of view, 2.5 mm. Frame time.q/,ps : a,O~b,21;c,28.

5. Diameter versus time traces for impacts on PP and PS. Note that
the diameter of the I'S has approximatoly doubled before the catastropic
failure, but that the PP disc has a final diameter several times its
initial value.

6. Micrographs of a derraed PS disc showing Ithat the catastrophic failure
is a result of fracture and localised shear. The enlarged view in (b)
is from region S in (a). The view has been rotated -o that the shear
bands art liorizontn.l.

7. Impact on a pc.llet of 1'ETN. Frame a shows the 5 mra diameter pellet
before impact. Rapid flow and jetting occur as for powdered layers.
Fusioi,. of th layer starts in frane d. The whole layer is transparent
and flowing rapidly 1,y frame- g when the first to two ignition sites
forms. The cicrcila featur- in fr,'ivr h is an artifact. Diameter of
field of view 20 won. Frame times/pis : a,O;b,67;c,221;d,308;e,389;
f,469;g,476;h,482;i4 39.

8. PETN pellet surrou:-ded by 5 PS discs See text for details. Two ig-
nition !iites at the polymer/explosive interface, are labelled in frames
d and e. Diameter ,.) field of view 23 .nn. Frame times/s :a,O;
b,91 ;cI140;c, 161 ;e, ! 8;f, 175.

- 9. 25 mg disc of PrN containing a PS disc. Three ignition sites are
labelled. Field of vuew 20 mm. Frame tines/ps: a,0;b,14.

10. A PP disc (light) pressed into an tMIX pellet. The first frame is before
impact. Considerably bulk detormat in of the PP occurs but there is
no igniLion of the explosive. Field of view 20 mm. Frame times/is:
a,O;b,91 ;c .161 ;d ,2 I4 ;o,247; f,402.

It. Similrar to f/i;ure fO but wi!h a PC disc: except that impact has already
occurred in frame a. The PC fails catastrophically. The first of s .'ral
ignit ian sites co:i he dotf-cted in frame d. Field of vi,!w 20 tin. Frame
t i, e/i:. ;a,1J;h, 34 ;e, 9 4 ;d , 1 21 ;i , 35 ;f , 147.

"2 !. .
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12. Experimental arrangement for obtaining prersure-time curves. W, drop-
weight; H, RI,R2,R3, hard steel rollers; C, cylindrical guiding sleeve;
S, sample.

13. Stress-strain curves for samptes of (a) PP, (b) PC. Catastrophic
failure of the PC sample occurs at a strain of ca. 1.8. No discontin-
uities are observed in the PP curve.

14. Experimental arrangement for friction experiments. D, detector;
S, slits; CD, chopper disc; SD, sapphire disc; PF polymer pin;
RA, balance arm; W, counterweight; DS, drive shaft.

15. Calibration curves for the friction apparatus (a) high temperature
region (b) low temperature region.

16. Examples of the traces obtained with the apparatus (a) is a soldering
iron at 575 K (b) a small diameter PC pin and (c) a large diameter
PC pin. H is the signal strength when there is no filter between
source and detector and H' the strength when a PMMA filter is inter-
posed between source and detector.

17. Polymer pins after friction experiments. (a) a PC pin showing many
layers wiich have been sheared off and built up on the trailing edge
(b), a PP pin which has rounded and shows evidence of melting (c) a
PMIA pin which has a roughened surface caused by small particles
being brittly chipped out of the surface.

18. Micrographs of polvme r pin surface.; after friction experiments.
(a) PC and shovs considerably strain in the frictional direction.
(b) PMMA which has a powdery appearance with many small particles
chipped out of rhe surface.

Ie

.- E"S

.1

I. I



- -----

0.0 STAGE I

l/T

fIG1

Mf//
LIGH7 I /

1U~mE ~ 3cm

pN~J~- - - -TO C AM4ER

rio



FIG 3

FIG 4

9
/P

x

7

Diam.
m

C

2

FI



r

I d

F



FIG 8

a b

F IG 9



F IG 10

a b

dd

FIG 11



_ ct m

F-l

ANVIL

FIG 12

200

'Up

loo-

2 4 6
Strain

1.

300-

_. 200

m PC
- loo

in 100

12 3
Strain

FIG 13

."



FIG 14

2.4-

20.-01

2.0 204,

1 111 .)• 1-
3

FIG 15
(b)[

{FIG 16



FIG 17

1mm

FIG 18



26.

The temaining three sections of this renort (3,4,5) are on reaction
kinetics and their analysis. All have been published in the open literature.

For completeness, reference i3 given to a paper (Chaudhri et al, 1977)
based on work performed by Dr. Chaudhri when he visited Picatinny, and to
other papers published by the gr nce !077.

M.M. Uhaudhri and J.E. Field, "Fast Decomposition in the Inorganic Azides",
from Energetic Materials, Vol. 1, Ed. H.D. Fair ar4 R.F. Walker (Plenum,
1977).

J.T. Hagan and M.M. Chaudhri, "Fracture Surface Euergy of High Explosives
PETN and RDX", J. Mater. Sci. 12 (1977) Letters 1055-58.

M.M. Chaudhri, W.L. Garrett, 0. Sandus and N. Slagg, "The High Velocity
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of Decomposition of Beta-Lead Azide", Thermo. Chim-ca. Acta. 25, 247-251,
(1978).

T.B. Tang and M.M. Chaudhri, "Dielectric Breakdown of Ionic Azides", Conf.
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SECTION 327

NEW METHOD0i rOR TG AND) DSC DATA ANALYSIS

H.MN. lIAtJSE AND J. E. FIELD
^Jiies and (h.'migry of Soijds. Care,,ili LaborafarY, Madingley Road, CamnbridIge 16t. Britain)

(Received 2s N-ovember 197t)

The paper describes a graphical computer method for analysing TG and DSC
tracc\ %%hich I'i\ C' ill three reaction parametecrs (. /1 and /1 .h11)e~a an nih-
order reaction from a single trace, If thc reaction procceds in multiple stages (f,, A
and n) triplcts can be obtained for each stage. Thc computer programme,; arc, basically
simplc and uise little compumting time (typically a few seconds). Thc advantages of the
approach oxcr earlier method,, ale discussed. As a lest of the method, rcslts on the
dehydration of calcium oxalate monohydrate are described.

INTRODUCTION

The deduction of the %ea, on parameters E (activation energy), .4 (frequency
factor), and n (reaction order) from TG, and DSC traces is clearly of interest. A
number of mnethods have been used in the past to do this but all have unsatisfactory
features. In the %%ork describled here a number of Fortran programmes wvere written
to extIract all three reaction paramecters of an uth-order reaction fromt a single TG, or
DSC trace. The programmes were run on the Cambridne IBM 370 165 computer.
and ihe plotter N~as used for graphical output. So that the advantages of the present
approach can be appreciated earlier miethods are briefly discussed.

I.ARlkl- R Nu ritIoDs

Murray and White' have sho%%n that the temperature at the reaction peak of
*DTA traces canl be used to obtain E and .4 from a number of traces if a first order
* *reaction (eqn. I )is asskimed. \ here ii is thie fractional residual weight, I tile time, T

the temperature and R the ga ; constant.

dwp ItE (

If eqn. (1) is differentiated to obtain the maximum for dsv'!df then eqn. (2) call
be derised, x"here =dly~dt is the heating late and Tm the temp-eratuic at tile rate
maximumn.

AR El (I

T2 E R T",

A plot of I/IT, versus In (OinT') yields E ' R as the slope and In (A WE) as the intercept
of the straight line with the ordinate. The mini disidvantage of thi% method is that
it only uscs a single point (r,,) from a trace to produce one point on thle activation
energy plot. A number of experiments arc needed to obtain a reliable value for E.
There is also the limitation that the theory only wvorks for a first-order reaction.

.......
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Kissingcr sho-Q d that the techniq,,c can be extcridcd to an nh-order reaction
by dcriving eqn. (3).

SA it,::' cXp -( -.- (3)

Ile shows in his papcr that the product n w- I is independent of the heating
rate (qj) and almost Cqval to tinily. Therefore, eqn. (3) effctively re(uces to eqn. (2).
The approach again makes poor use or the information contained in a DTA trace.

Ozava's analysis' ofTG trace% begins with a rne'ral form of reaction equation.

dw A xp - j. f(w) (4)

This is integrated by Ozawa who shows that the .olution to the right-hand side of the
equation is a polynonial in the variable E/RT. Equation (5) i an approximate
formula which relates thc heating rate 1 with E,

F E
log r, + 0.4567 log 02 + 0.4567- - (5)RkT2

where T, and T2,loriespond to the same fractional decomposition (w:) of the sample.
Since a plot of og 0 versus /ITcan be oblaincd for each value of w, Ozawa aggregates
all these results in a master-curve with a gain in accuracy of the final result. Equation
(5) only assunmes that the function f(w) is const;int for a piven value of w.

This method also needs a number of experimens at different heating rates to
generate enough data for a sin:.,1t activation energy plot. Although the method was
developed for thermograviietric ,aa, it can be applied co DSC data by integrating
the peaks to give values of i'. A theoretical analysis of such a process is given by Reed
et al.4.

Borchardt and Daniels' describe a method which allows E, A and n to be
deterinined from the shape of a DTA curve. Their appioach was applied to reactions
in the liquid phase. The type of reaction to which this method is applicable must have
a single rate constant and the activation energy must not vary with temperature.
By considering the heat transfer equation of the calorimeter eqn. (6) was obtained

dN No c AT + Kr T1

dt KA" d KA

where N is the nuanb.-r or moles present, ,, the initial n,.tmbcr, K the heat transfer
coeflicient, AX the area under the DTA curve. C., the heat capacities of the two liquids

and ATthe temjrature differnce between thc two cells. lnic-ration ofcqn. (0) with
reSpect t0 tinic ,ives

N = NO fC- AT+ Ka(7)

KA - ' a
wherc a is the area under !he DTA curve up to the present temperature.

The cxpression for the rate constant 4- of a reaction of order i is

k. dN " ',._/d. .
N" (8)

where V is the volume. Substituting eqns. (6) and (7) for d,df and N gives

d T K9)r IKA-V 1 dti1V IK; '- a) - CJ 9
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In order to obtain reaction 'arcteler, Borchardt and i)aniels ssrmed a value
for it. This allowed k to be calculaled. A plot of In k versus l/7' {a(ivation encrgy
plot) yields a straight line if, and only if. the co rect valh, of n has bccn assumcd,
thus values of E, A and it can be obtaitned. The main difficulty of this method is the
number of plots that have to be made for each value of n until the points lie on a
straight line.

A number of computer proframmcs are prcscnted by Benin et al.6 and used to
solve three problems, namely (i) the production of thcrmograrns given the reaction
parameters EA, it and givn that the reactior, is of cth-o'der type; (ii) the calcula-
tion of the (E, .4, it) triplet from an excperimcntal thcrmogram .-- this is the inverse to
problem (i); and (iii) the determination of the reaction parametcrs and the complex
reaction inechairism from a given experimental thcrmogram. The first problem is a
straightforward function plot of the solution to the itth-order reaction equation.
The second problem is more difficuli, and presents itself to anyone who wants to
obtain reaction parameters from experimental data. Benin et al.6 treat it as a problem
in curve fitting. They minimine the discrepancy beteen the expcrimental data and the
calculated function by taking as the discrepancy criterion the maximum deviation of
the function from the data. The soluition of the third problem is an attempt to reveal
the mechanism of a chemical reaction. The programmes become quite involved as
they work out activation energies for each section of the thermogram by using a plot
of reaction rate versus iT for a constant amount of conyeision, 0, but different

* beating rates.
The most genera! form of the fit function assumes a decomposition proccss

which proceeds in a number of individual stages. Each stage consists of an clementary
nth-order reaction, i.e., cqn. (I) sith A, E and ir replaced by A,. E, and w, respectively,
wher'"i" denotes the variable beloning to the ith stage of the reaction. Tile program-

me which optimisesthe fit of this function to the daia takes up to 4 h ofcomputing time.
This makes the method rather expensive. Another weak point is the discrepancy
criteria between the data and the fit, which is taken as the maximum difference. It is
well known that the data points towards the end of a decomposition process become
Less reliable due to inupuii..,s and zero errors. But these points have tile same %%eight
in the analysis as all the othefs.

schcnipr et al.' describe a programme which fits a least square polynomial to
the weight-loss curve. The quantity dis'dt s caicu ated by diferentiation of the

- polynomial. A straight line is then fitted to a plot of log k versus l1'7 and the least
square criterion is used agpin. The reactio order is asstinied to be one, and n6
attempt is made to climinate the deviations I-om an ideal reaction at the beginning

Sand end of the weight-loss curvc. Our work st.9ws that this is very critical and can be
obtained from an Arrhenius plot performed )' the computcr.

NEW MLTHOD

The method developed was based on the ide" s of Borchardt and Danicls'. Our
data were obtained from both a thrinoblance (Si inton RcdcrQft) and a differential
thermal calorimeter (Pei kin- Elmer DSC-2).

The analysis assumes a reaction which in be described by

d -A, exp( E,(V (0-d. = -AeP(. -h:.) 1(w) (0o)

Since the heating rate h (dog mii- is constant, the time variable can be
eliminated front cqn. (10) by putting dT"di h,60 (deg sec- ).

:rjjS FAGZ 3 l ' '  0 C - --
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Taking natural logarithrus onf boi sicl's gives

In Qliv , 60 I:(,(

di RT'

Note that (--- dwi 'dt) is n positive quantity si-, c the fractional residual weight decreases
with inc casine temperature.

A ploi of {h(- divjdt) - In f,.(w) versus {T) only yields a straight line if
f,(w) has been choscn correctly. In the caic off.(m) = i" the reaction order n ii
varied mn'il a trailht Iiue is found. The acti aion cnci...y Ecan be obtained from the
slope of thiz plot, the frc.;ecncy factor A friom the intercept on the ordinate and the
reaction order i is deicrmitwd by the strailit line criteion.

This analysis can also he applied to the DSC data since the basic eqn. (12) only
differs from (10) by constants.

d = + A H(w0 - v,) A cxp (1 - f(w) (2)

The -q (-) iti the equalion cmrre,;ponds to an exoheimic (endot heriic)
reaction where, Q is the hal given off by the sarnple, All is the enthalpy change ofthe

entire reaction, wo is the initial weight and i, is the rc:.t weight, and ihe other para-

meters are as defined previously.
Taking logarithms gives

{ eE (13
ln (- i- - In f(w) in A iJ(w,. - w,), A ljf.: (3

This time dQidI it temperature T is the mcasured quantity and it neceds to be
calculat1ed. This is. easily done since, if the reaction results in a %keight loss

Aifd (14)d i
The coniputcr numcrically integratcs dQ,!dt to yield the %%eight at timc 1. A plot

.. ofrin dQ/dt - In f(w')} versus I iT produces r, A and/ n(ifl(w) = w")in the same way
. as for the wlt,.fit-loss curses above. The slope is again - EIR and the intercept is

In AII(w o -- w,),.

In practice the data from the TG or DSC is recorded on 8 track ASCI paper
tape. This information is ien read into disc iles of the computer. These files can be
used by the programmes w\hich calculate the activauion energy, etc. After these

programmes have run, the plotter output i! vicwed on a tvl,'sision screen. Only if the
plot is satisfactory is a copy obtained from tlhe plitter for the final analysis. The

dimcnsions correspond to the original oatput of the chart recorder so that a direct
comparison is possible. l)ilerent pei colours are uwed to diftrentiate bct%%ecn the
raw data (black) and the theoretical fit to the dat. (green). thesc colours are re-
presented in Fig. I as a broken line (black) and n full line (grecn).

V [ 
'
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ti ~ - cj r it>~sc nie o C ~ C)It () i I% t is T he cl, ltd Yinc i'. 1 h-e oj'iniiit! dam ;3 d the ful I
ji hu e Ale-~t sru' tc C.:, 7'uIC3. ..4 J) .j ii!ct li01 thc~ ti c sita~i6, lilirc wetioi5 s 1 lich ,re

ThedffruiJil"iiiC
1hwre are thl cc di ffc~rcn kvs in v.-hich ilriia to the %,6,iut -iuiss ctirae

were obtained. rht, fir- t uses dilt-rcnce 111d t')rtidWCesI Vii S% differenltial' Culrve. \Otl

is, however, neat '>t tri the oxi'iail data. The miher two u."e1 a polvinomial lit, anld a
Sphxlic fia, le-C ti)CC6NCY. 'Fli (11-w. I, ii.vOt 2501 oi dtr. is 1'Clwrally piood but
prodircs arlificially Iart-c oi'~il..vor sivaiht. rc',ion of the curvv. The besit
resullt& %wie.cti e by a, coh, ,i:pllnc Fill Tih pi Q-iitimIne fits a third oidter cill-sc to
sections of t11mdaa and Joins" 1hem ill su':J) .'. fltal mc nion and thec first v.%o

divli sare Thnta veu.I pr ovrw n t~mis--s :) st!A idr solbrotnc iomr thc
)-Iarwell Vol Iran 11rairs, %. 'io. 1; !1o. mtoe I \ ii points v here two sphincq mcct)
ac-rdiif.g to the (; ~iu o r-:I. Lk~\ 1)11iSmeans11tha1 over a stiraiI'ht part
of (lie Citric a Ioni" '.COtlii cal: 0." :t)v ;L .i.iICVii~c ;' din, whereas at1 p)"Ccs of
greater \ritcn m'ir5iii. c.- 10 nbe, tlo atd The dillk'renial
-if the Cutv \C1 i C'. b vi 2''iied 1wj; ';: L:'! :'!,'; hir t! order spline. Iic, fit of the

sphnrw and( thc ifihcw)i~:i i ciaa Th-c amounott of data smoolhiun ihiew'd
by hiMS (1 sulitS 11iC pnrpus o~t Ot l . I~A ine(a~tsciin best.

7 le prog-ramm'. to .611.I 1. .1 ait

)I is aISsumwd sin tl'h III1 ;in sti t the mli on that leads to the weight-iosscurve
is at least picce-ss r'e of the A1th o~dCr, i.. fO1!W,%S eqn. (10) With ((w) ,'.This

r-rograraiw M!s tIn tit -- nd) -- ns In w.-, -rtl I IT for different values of it. The
valucs (if dividi and of i a-re obtaiwcd fin :t Ill, that \\,is created by thle pre~ious
pro ,'amnC' and contains dic smopthed in cieht -ios data and the differontial in the-
form of the sltJw parami~* s. The-an of it is t.icI1 as /cro) for the first. pl~t and
I hen mIn eased Wy!" (e ins tip ton a 2.hiLc ecve ,n Iiiis )lave diffctct curvaurcs.
The Sriiiest of 111m c~nal) bc'ch-t m Cs e and this it vs tue is he-n takcii as
the reciou01 orol. Fle Alope Vit his / atr'd thli- rmotrcept A. 'i hle rcstItifit triplet of

tiuin1:) (U, .,nae flli " Ssary and .!,t-ien to chat iiicrisc -an unth-orecr reaction.
Tfic type or i-cacti'it. I ,6 r, - it, n-1 hc eti ed casily So utot tfie progra m le is
applcale !') realct io'.i "',n11y IN tic, ix'. f(i:) tan have 111) 1,611 (C.1!. 1random Chain

scissioll).

This 1nmt the rwAin ' :dimjw r ii t: 1-i.. 0t miou tLahors.



The Jpro,.Fa~jun. to p t.?ice? a the, 'reliralfil bom~ rI,. I0~ .1 u rile
This provrainmw.de thle production of a wvi,,t-loss ctirse %%ith ill- 10 four

kdifferelt %cc tiols. eakit of kwhIich htas i Is own E. A1 ::nd it factor. ItI was iti ill:nwcnIcd 011

a Hiewvitt P:'kaid 1 1%4 1 op coilc:tcor and plotir of ti, I~ pe Il 9S25. T) ic thecicai
plots prodcd In uch i ay fit the. orq-inal mcwi'-los% Ciilc ve %%ell. *fhcly alw

providz a useftl chck that al, thr: eCdu0ttiotS nec, ssary to pro:tuce this triplet we-rt:

Correct, and product: a good fit.

ci\
, k

in P. I I

Vig. 2. Acoivafion enerr~y 14ot for v u altic, of rr', iww oideL ,. The P, %:1~ %vhichj ivcs the
bcsI sti aitl jine !,';nsis tho on, sipprop: il'. to file l,tJln fie~w~0) ji"'r amw tito cc !(s to
tile rcactionl INt tile Eis two concesvond to oiil) ca. of 4 tc ~ih~~s

IIST OF MIJ111t~)

The dei~ydrattion. reaction of ('alciumn o%,a ie monoh-yerate

C& C2014 ijO -' Ca C204 I ~20

is well unde:'aood and ymics for tile reactinn P~iranmcter% cani li obtained1 from the
literaturce ", It thclcfore provides a Sood tc:,, Case for the noxw analysis method.
Figure I shows (he e'h-oscur e (if a %amptWle of Cat C,)14,0. 1 he dashed rul %C
represents 'he oigil data ;and tile full curse thle thcoretic-,d fit ba~ed ont tile cntrlpu-,Vd

* (E, A, n) I -pL. F igure 2 shows t he cjov ;ton erpl 'ot Tile nunlber at thc endl

cach line gives O1W reaction order that1 is assurd for thle caletif:.tionl of the cr'
sponding line. The %trai~pht lines %%hici apprnximale thC CUN yes bcst are tised to obtain

I (E./I. n) fripi.'ts for the '.1rce seeilors. .Silicc these M1 A1. n) triplets compk-ldy%
specifry t he reaktion the Ori tit'al % Ci' 111-ljas cit rVc can 1 be mollEM1d ( full cu re r ig. I )*.
The results obtaimt.' with this methed, and ilceraturo ahtes are sunirired in Table
1. Ail ouir cx rpritit:n ts-xcre pcrfornici at a heating rate of 10 d"~ min -'. Thle results
obtained in this %%a) have an error of j=5 UJ nio - I %% hich, is dJue to the variance orthe
samples thcinselivs. The mothod itself hias much greait accuracy. It was found that
the best straight litle could be fitted to a clirve coriespunditig to a reaction ordier of 0 6

TABLE I

WI 010le'1)

84 P 7.5 This ioi
As 21.0 A
92 9



33.

which indicates a surface reaclion (theorctic;illy 2/3). It cal also hc -ecn on Fig. 2

that thcie are three distinct slagci of the r¢ wion. The first twu. ho,%ver, correipond

to only 2% of the weight and are atinhillcd to Vol.lile substtances oi the surfacc.

This shovs the sCisiti ity of the melhod used C.pIcilly considering thai the crtical

axik ha'. a legarithinic scale. The cral dch)y raiion reactioca is rcptc,.e:Sied by the last

straight line segmnt.
The method oullined in this papcr has recently been successfully applied 0to o

dccomposiion sludics of P.E.T.N., P.E.T.N. with fillers, high density polyethylene

(IlI)PE) and polyletrafluorocthylcne (PTIE.I).
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SECTION 4
34.

ANALYSIS OF ISOTHERMAL KINUTIC DATA
FROM SOLlDSrAIlE RFACTIONS

To'G B. TAN:; and M. M. Citi.tIIIn

P'k)yrkr enl Chefijsry of Saidi. Cac'oill h Laboratroy. Madiiglhy Road, Canadnlge UK

(Receied t)exeinthe 12. 178)

In most solid state icactionn the reaction %eiovtiy -.an bk described a. a prnduct of
two functions KIT)and f(t - x) wherc I is the tcmircramtr and , h degree f con-
version of the solid rveactant. Ihe ph.%ical interprctalion of t,se runctions is di..'u sed.
and a systenatic Inoiml is dcwritbd by 'siNch ftI .r) of a rcation i identified from
its kinetic data. &(T) and tl,c icaction MCtehaLnsn1 arc then determined. 1 hi , K;
has been successfuil., applied to analyse the ktiea, of i ht thes mal deconlpo .t. q of
silver azidc.

In a solid-state reaction, the reaction velvcity is gien by - d/d (I -) ci,
where o( = a() is the frtction of the olid reactant which hak reacted by time I.
Its kinetics can be soled by determining i as a fUlctton oaf temperature and the
global amount of reactant left. This phenomcnoloical knowledgf. is a necessary,
though not sufficient, condition fot chicidating the reaction mechanism. It is
necessary to formulate tle reaction selocicy in tcrms of the global variable o,
because there is a continuous cohlapse of structure in the reatant. Furthermore,
the local concentration of :he reactant varies throughout the reaction volume and

1 i cannot bc used as a state variable. In fact, unlike the cas of a homogcncous rc-
's action in the liquid or gaseous phase, there is no real 'reaction order' with respect
4 +l to any reactant in a reaction involvinig condensed matter whose mechanism is

usually of the heterogeneous type.
If the reaction proceedm isothermally, it is; obsersed empirically that (2. t)

•+-_3 curves corresponding to different temperatures T are isomorphic to one another.
at )cast within a range of T, i.e.. by a linear scale chative in i. differcnt curves can be
superimposed I I]. It follows that i is a separable function:

(:1s)e,, .K(T)fil 2). (I)
Herfll - 2) may change in different ranges of T or 7. For everyfil - a). there
corresponds a single K(T). It should be noted that experimcntal data ma be ade-
quately analysed by (1) only if it ha; been ensured that the tenmper ature distribution
in the srampl is suflh'wntly uniform and coriyant. Furthermore, the theoretical
significance of K(T)and Al -- Y) determired froi ithe data should always be exam-
ind withi regard to the class of mcchanisms ,hey indicate. A question of con-
'btency arises in this respect. In the literature, coherent and integrated accounts

of the physical (ai contrasted with the formal) meanings of K(7) and /(I - 7)
are riot easily found. A discussion on their ir.erprctatitoth therefore forms the
first part of this paper. In the second part %ke propo?, an efficient me:h<Wl of de-
tcrmming. with conlidenec, both f(l - ;) and K 7 fromi and x(t) data. "he inter-
pretation off( I - 7) is the evential link in !hi, method betwcen the esperimental
data and the functions.

Physical intk.rprit-.ions

The finicriots f(I - 71

Solid-state reaction% are complex esr(sks, s Nhich preecd in wveitl M tigoe.
These can he the thvlocal;ua.!in or tr.n,fet o! i ectrots in .heniua:l bonds (ir- the
case of non-mctal,). the difusion of atords, Jit" gdie;il,. or ions. the dcsorption

V.
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of product molecules when they are in the gaseous phase. the heat transfer to the
reaction zone in the case of endothermic reactions, and the formation of a new solid
structure (crystalline or amorphous) if one of the products is in the solid phase.
The last step may often be further differentiated into nucleation, growth of nuclei
(at velocities which depend on sizes of nuclei) [I ] and sometimes the collapse of
the lattice ffom a transitory one to the equilibrium structure (2]. Irrespective
of the details of reaction mechanisms. however, under a given set of circumstances
(T. x. sample history etc.) one of the stages will be the slowest. It then acts as the
rate limiting step of the reaction, and it will determine the kinetics i.e.. the rate
la% in (1). :

Further. a solid-state reaction has, in contrast to a homogeneous reaction whose
progress is independent of spatial coordinates, an additional controlling factor.
namely topochemistry. Thi% refers to the geometrical shape of the solid reactant
and. in different cases, to its free surface area. its defect structure, the thickness Eli
of the product layer if solid, or to the product-reactant boundary, etc.

The function f(l - o) reflects the nature of the rate-limiting step and the topo-
chemistry of the reaction. It may accordingly depend on certain sample conditions.
such as whether the sample has been pre-irradiated or bleached. and whether
the sample is in the form of a powder. or a large single-crystal of a different shape
from the crystallites. It will vary in several ranges of T if in each of them a different
elementary step becomes rate-limiting, as occurs in the decomposition of potassium
azide [3]. At a given temperature. it may also change in different ranges of 2.
due to the switching of the rate-limiting step or topochemical changes. This hap-
pens, for instance, in the oxidation of zirconium [4] and in most decomposition
processes [i]. An extreme case is the decomposition of ammonium perchlorate
which, in the two temperature regimes below and above 620K, has entirely dif-
ferent reaction mechanisms and in fact yields different reaction products [5].
In such cases there may be competing paths for the chemical reaction or it may
in fact be followed by another chemical reaction whose 'onset temperature' is
higher. In all possibilities, however, flI - .7) should be the same for a given o
incependent of I' (within a range) if it is to have more than only an empirical
significance.

In Table I we have collected together the more common forms of f(I -)
which have been used in the literature, and the corresponding integrated forms

dt !If([ - 2) d-/f(I - 2) m F(2). Note that F(a) = K (0 - t,) if the range,.0 0

of a for which it becomes applicable starts at x = %(t,). Also. for simplicity here-
after we write K for K(T).

In many reactions. such as most dccc rr.csiricrs and dehydrations, the rate-
limiting step takes place at the intertlce tctwccn diffcrcnt phases as in sublimation.
The speed at which the interface n'o. .. ,,, ,, mctant is (at a given temperature)
then either a constant, or a unique function of the interfacial area. This area
therefore. from the kinetic point of view, plays the same role as that of con-
centration in homogeneous reactions. If the sreed is constant, then the theoretical
significance of (l - 3) is clear: it gives the area expressed as a fraction of the
original area at 7 = 0. This is the case of a reaction controlled by the movement
of a coherent phase-boundary and listed as F. G and H in Table i. In this situation,
the explicit form ofJ I - a) depends on the geometry of the reacting system,
though generally it is a decreasing function of 2 or at most constant.

If the reaction consists of the formation of compact nuclei of a solid product
at localized places in the reactant followed by their relatively rapid growth, then,
to express the total interfacial area,f(lI - a) is derived from the laws of nucleation
and growth. This is the situation when the reaction is autocatalytic [131: reactant
molecules at a reactant-product interface react in preference to those at a reactant-
'vacuum* surface. The preference is due to the existence of microstrains in the
reactant at the interface, or due to the electrochemical potential of the product
phase when the rate-limiting step is a redox process. The various possible forms of
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I I - Y) for an autocatalytkc reaction are listed in Table I. A to E. Note that they
have the general form Al) - 2) = 71(l - 2)". In A. B and E, q is zero and u
increases monotonically with z. Such a situation is most unlikely to last up to
Y I. These types ofj(I - i) therefore may apply only to the acceleratory part.
if it is present in the 2-time curve and which will usually be followed by a decay
part. In C and D q is non-7ero and these types give sigmoid-shaped curves. The
inflexion point occurs at 2' = pi(p + q). as can be seen at once from the condition

= 0. it is thus kinetically feasible for them to fit the complete experimental curve.
There are. however, physical grounds to consider that even they should be used
to analyze only the acceleratory period [I].

In other reactions the rate-limiting step is not confined to. or does not only
occur at. the reactant ,urface. For instance, in the unimolecular-deca. type of
reaction, all molecules whether on the surface or in the bulk have an equal proba-
bilitv per unit time of reacting. This is the case when the change from the re-
actant to the solid product phase inolves little re-arrangemeni of the reactant
atomls. The reaction has homogeneous mechanism and thus a true reaction
order of one. i.e. f(1 - x) = I - 7. Man) decomposition reactions tend to this

Table I

The common types of solid-state reaction

Reaction

Autocatalytic Power-law nucleation and growth at constant speed: A
Linear branching chain of nuclei, no overlap during growth: B
Branching-chain nucleation, interference during growth: C
Random nucleation, growth accompanied by ingestion of nuclei: D
Instantaneous nucleation. size-dependent growth: E

Phase-boundary controlled decay 1-dimensional: F
2-dimensional: G
3-dimensional: H

Unimolecular decay: I

t-dimcnsional: J
Diffusion-controlled 2-dimensional: K

3-dimensional: L

1.- .~A , a ) - IiX F(2) - Ki l Retference

A at- ix' :t: 1.27n [6]
B In x - C(T) [71
C ( - X) -In - ( - rl): - i1 8)

-Ca
D {-In(i- )}-1l"(1 - a)2_.=I '''"(I - 30' n{-ln 0,- 411" " 1.9. 10) ='

F A "  
2(;'- a-') ' [I I)

F I L [24 [3)
G (I - a)

I ::  211 - (I - x )i!' 1.11
H (I - ')3 3 t (1 - ) 1.0' [121

II I0 -- In(l- 7) 1 [131

y2J I 2 0.62 [141
K I i-n (0 - i)] + (I - v) int - v) 0.57 1141

[(I - 2) (1 - ) 3{1 -(1- V 0.54 [15]"'
, 3(1 - #12 {--n(i - 4)
(I - 2) - ' - I 3i - (I - wal' '2-- 0.57 [161'

2t 3if-n4 - 7), -

i) Log It-In (I - Y)' a: Constant + mlog , 0.15 < x < 0.5
ii) Plot of L.H.S. in ii against log i distinctively concave upruards: C. and ,, are constants

%hile C(T) is function of temperature
iii) b = 0.774. 0.700. 0.664. 0.642. .... 0.556 for a = 2. 3. 4. 5 .... x
i%) Alternative derivations; we have obtained the approximate forms or f(l - x) by e%-

panding into series I - v)-21 and ( - )ill to second order in o: resulting error 2e 2' 6
t<10. for 7 < 0.9)mks
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limit at high a values. Another example is when the rate-limiting step is the
migration of product ions along the dislocation network to form additional
growth nuclei at dislocation nodes [17]. This leads tof(l - a) = a, the same form
as for branching nuclei [7]. The slow process of 'ageing' in some explosives when
they are stored at room temperature may be by such a nucleus-chain mechanism.
A third category consists of reactions controlled by the diffusion of reactants
across a product layer which is solid. The diffusion may proceed uniformly through
the bulk of the layer and is thus structure-insensitive, or preferentially along its
gross lattice imperfections arising from product-reactant mismatch. In the case
of uniform diffusion, the speed at which the product-reactant interface moves is
a function only of the product thickness (and temperature), and the appropriate
forms of f(I - a) are included in Table I as J, K and L. The oxidation of metals
often follows diffusion-controlled kinetics: in sheet form these tarnish according
to the parabolic law x" il. Exceptions aret hose metals in Groups la and Ila of
the Periodic Table. Excluding beryllium, they all form oxide layers which are
porous, so that the atoms of the metal do not have to diffuse through a coherent
layer before coming into contact with oxygen.

The funetion K(T)

It is almost always the case that the temperature-dependent part of (1) can be

represented successfully by: -

K(T) = K., exp (-EkT) (2)

in which k is Boltzmann's constant, and the macro-kinetic constants E and K,.
do not depend on T (within the range), though usually they take on different values
when f(l - a) changes.

If it is established that the reaction is rate-limited by a diffusion or migration
process, the interpretation of K(T) is complicated, but obviously it is proportional
to the corresponding transportcoefficient, which in general is an exponential func-
tion of T. An over-simplified theory for the situation of uniform one-dimensional
diffusion gives K(T) = (SIV,) 2D(T), where S is the interfacial area, V, the initial
volume of the reactant, and D(T) the diffusion coefficient (cf. [19)).

For a single-solid-reactant reaction which is controlled by a surface process,.
on the other hand, the simple theory of Shannon [181 is often successful. This
theory is a generalization of the Polanyi - Wigner equation. Assuming the existence
of some activated complex, which as a transition state can be treated in thermo-

., dynamic equilibrium with the reactant, he related the pre-exponential factor K,
to the rotational and other internal degrees of freedom of a reactant molecule
in addition to the vibrational ones. Following Shannon we can set: -

K = (kT/h) exp (AS:/k) So/ V, (3)

and exp (-E/kT) = exp (- 4H:IkT). (4)

Here the mean-frequency factor kTh containing Planck's constant is usually in
the region of IV'~ s- (see below). AV and AH are respectively the entropy and the
enthalpy of formation of the transition complex, 6 is the thickness of one mono-
layer and V, the initial volume of the reactant, and Sf(I - a) gives the free sur-
face or the product-reactant interface area when the degree of conversion is a.
(Strictly speaking, it has been assumed that the reaction proceeds isobarically).

Note that in this interpretation the empirical quantity K, contains the surface-
-to-volume ratio and so depends on the sample geometry. Also, it is apparently
proportional to T. (In gas reactions, the collision theory gives K, T V.) In our
opinion, however, if the vibrational modes are being considered then only at low
temperatures will the peak distribution of phonon frequencies lie at kT/h. For
most substances (with the exceptions of Be. Cr and diamond) the Debye tempera-
ture Or is less than 50OK. so that the frequency factorshould stay as kor. h < 10t's -

I

for all likely experimental temperatures.
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The factor exp(AS: k) may alternatively be written in terms of partition func-
tions as Q /Q. which can be determined from spectroscopic data [20]. In most
cases AS, cannot be larger than the reactant entropy of melting, and exp(AS1/k)
comes out normally between unity and 10'. Occasionally exp(AS:/k) is found to
be less than unity, as is the steric factor in gas reactions. Such a negative value of
ASt means that the activated complex is more ordered than the reactant (e.g.
[21 ). txperiments on some decomposition reactions have given K which are ab-
normally high in comparison to the theoretical values of (3). Hypotheses put for-
ward to explain such discrepancies include co-operative activation [22]. proton-
delocaliration [23]. and a mobile layer of molecule% on the reactant surface [18).

Kinetic analysis
Current practice

In determining the kinetics one wishes to find K,. E. and AlI - Y) or equiv-
-q alently F(i) so that the reaction velocity can be predicted at any given T and a.

This is commonly done by analyzing a set of z(t) or equivalently 1(t) values ob-
tained by monitoring a number of samples reacting isothermally at a number of
temperatures. The consistency of the K,, and £ values with f(l - %) should as far
as possible be assessed, and correlated with, for instance, microscopy.

A quick method of calculating E was used by Haynes and Young [24]. Consider
a set of (2. t) curves which have been found to be isomorphic. For any two curves
(%, t) and (:!,, t,) corresponding to temperatures T, and .respectively, one can
write

F(2,) = tK, exp (-EjkT,) (5)

F(2) = t.K,0 exp (-E k T,) .

By choosing points corresponding to the same 2 on the two curves so that F(,) =
- F(R2). E can be evaluated by plotting In t (s. 1, T. On the other hand, to deter-

mine F(o) often a trial-and-error method is resorted to. Conflicting forms df the
function have sometimes been asserted by several authors for the same material,
like NH4CIO 4 (see [25]) and KM,Oj (see [261).

A conventional way of superimposing isothermal curves is to convert them into
'reduced-time plots' by individually scaling their t-axis with the factor l/r i. where
;i is the time when x = 0.5 on the i-th curve. In this way K(T) is absorbed into
each scale factor and all (2. t) = (0.5. I) points coalesce, while other i(t) points
may be plotted out to see if the curves are indeed isomorphic. Sharp et al. [27]
tabulate the theoretical values of 2 against t r for some of the F(i) shown in Table 1.
They propose that by comparing experimental data with such master values the
correct F(Y) can be identified.

The above method may, however, result in ambiguity due to a number of as-
pects, Experimental data contain random errors, but no simple statistical analysis
can be applied to the identification criterion it employs because no straight-line
graphs are involved. Additionally. a general problem for all isothermal experi-
ments is the zero-time uncertainty. The finite time taken by the sample to reach
the designated temperature may be negligible relative to T. yet may affect the com-
parison with the tabulated values [28]. Moreover. F() may change in different
regimes of the 2(t) curves. as mentioned earlier.

A new method

Here we suggest a step-by-step approach to determine Flz). It was noted by
Hancock and Sharp [28] that for many forms of F(r), the plot of log[- In(I - 2)]
vs. log t is almost linear if :r is restricted to between 0.15 and 0.5. Using a com-
puter program to generate artificial values and their log-in plots, we have found

1''



39.

this true for all the theoretical forms listed in Table I. %sith the exception of B.
C and E. The slope in each case is listed there under the Column "m'.

Obiously a log-In plot is not very sensitive. If we were to rel. solely on it to
discriminate between the functional forms of F(7). the experimental data would
hase to be of the highest quality. A slightly more sensitive way is to plot [- In( I -
- ]) I "' us. t. but then m can only be obtained iteratively. Fortunately. rn does

differ significantly between different groups of F(Y.I and the final discrimination
i, easil\ .chieied b.x a further graphical step. There are three possible situations
lor this second step: -

W _tr lov.-ln cnca,e up% U ard,

It will be scen from Table I that this situation suggests an autocatalytic reaction.
for ihich i - kY(I - :)1 for certain p and q. From the experimental data of i
.110 Y. onc cami then do a lca-squircs lit on the graph of I o ;' '4 log Y against
-1 logi I -x) .l log i. and lind ) from the .- intercept and q from the slope. Here
.A log i log 1 1) - log iut,). etc.

h-or an i expression of this form, one has p(I - Y') = qx'. where 2' is the value
at maximum i. Using this relation to reduce the number of unknown parameters
to one. one can use a simpler graph to determine p and q [26]. However. the cal-
culated values of p and q are then subject to the accuracy of 2t' and. more funda-
mentally. the possibility that p and q may change from one range of 2 to another
is not allowed for. As mentioned above, those t. pes of f(1 - Y) in which q = 0
represent the acceleratory period which, in general should he followed by a decay
period governed by a different form of fRI - x.

2. m--I

The reaction is either phase-boundary controlled or unimolecular. and 1 =
= K( - V. as seen in Table I. One then draws the graph of log 1 against
log (I - Y) to find r. the apparent reaction order.

3. m "0.5

The reaction is diffusion controlled (see Table 1). One has to test separately

whether Y )is parabolic (the diffusion is in one dimension), or - In(I - 2) =
= K( I - zx) with s = 0 (two dimensions) or s = I 3 (three dimensions).

The correlation coefficient in the least-squares fit serves, by measuring the Ii-
nearity of the i graph, as a quantitative indication of the confidence to be attached
to the identified form of f(I - x ). It may be that p and q. r. or s change once or
twice as the reaction proceeds from beginning to completion. but the i graphs
will show it b% displaying several linear segments. If however, a part of the graph
say from (o(,. r) to (ot.. t,) is non-linear, then Fio has changed to a form in another
group. The first step should then be repeated for that part: log [-ln(I - ( + 2,]'
'I I - 2fl)] is plotted rs. log(t - t,) for x between 7i, + 0.15(1., - 3) and x, + 0.5

(2., - x,). followed by one of the above three alternative procedures. On the other
hand. if a good fit is found with values of p and q. r. or s that are not in Table i.
the experimenter should assess whether theoretical justification can be provided.
In this way new rate laws may be identified.

Confirmation is carried out by plotting the selected functional form or forms
on top of the experimental curve. A slight misfit in the very early part (- 1
minute. depending on the sample size and the environment) may be attributed
to thermal lag-time and ignored. The i graphs gi'.c K. and from a set of K values
at different temperatures K, and Ecan be determined. Note that the determination
of these macro-kinetic constants depends on the form of ffl - 2) chosen. as it
should be.
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It may be added that we see it an immediate possibility to have full automation
in the acquisition and processing of data in thermal analysis experiments. The
hardware can be under the control of microprocessors or dedicated minicomputers.
and their output would go into a computer or the same minicomputer. A com-
puter propram can then reduce the data to Y(1) or () curves, and further analyse
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Fig. I. Decomposition of a single crystal of AgN3 at 551 K; 1. Thermogravimetric data.
2. 7-timc curve. 3. 1 - (I - 4)l vs. time.
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Fig. 2. Log-In plot

the curves to identifyfl - Y) and so calculate K, and E. according to the method
proposed here. Nevertheless, the physical interpretation of these results by the
experimenter remains the crucial step.

The method has been applied to investigate the kinetics of slow thermal de-
composition in silver azide single crystals using thermogravimetric data. Curve 1

in Fig. I is a typical experimental curve of weight los% against time t, and Curve 2
is the corresponding reduced-time plot of 2 vs. r -. In Fig. 2 we plot log(-ln(l -

. . ..- i i i iI I I I I U il
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A

_ _ -p

Fig. 3. graph

-)] vs. log(t/T) for 0.15 < x < 0.5. obtaining essentialli a linear graph of slope
;z1.1. The decomposition of AgN:, therefore appears to be phase-boundary
controlled or unimolecular. Accordingly, wc draw in Fig. 3 the graph of log vs.
log(l - x). It shows that between I - I to I). 1 = K(l - a) with the
correlation coefficient among the data points better than +0.9. Indeed, the plot
of I - (I - a)- rs. t (Curve 3. Fig. I) is a good straight line. with a correlation
coefficient of +0.99 for 0.1 < x < 0.9. The decomposition is thus of the contract-
ing cylinder type. We have also obtained K, and E. and found that their inter-
pretation in terms of Eqs (3) and (4) leads to a plausible physical picture. Further
details are given in a separate paper devoted to the mechanism of the thermal de-
compo-ition of AgN:, (30].

In a second paper 1291. we discuss the analysis of dynamic kinetic data which
are easily obtained from modern thermoanalytical instruments.

Conclusion

We have described a systematic method for determining the kinetics of solid-
state reactions from isothermal data. It may be strexsed once more that whenever
possible a judgement should then be made on the consistency of the K. pnd E
values with the implication of f(I - Y) regarding the likely mechanism of the
reaction. *!
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SECTION 5
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The kinetics of heterogeneous reactions, involving one reactant in the solid phae,
usuglly follow the law " = K, exp(- E/kTf(l - z), where 2 is the degree of conversion
of the solid, and K, and E are the kinetic constants. A critical examination is given of
the various methods which are currently used to analyse dynamic experimental data.
The limitations of these methods and their insensitivity to the form of f(l - 2) are
pointed out. An alternative approach free from these limitations is suggested. In this.
f(l - x) is determined from isothermal experiments, and then the dynamic data are
accurately analyzed to obtain the values of the kinetic constants. A case study is given
to elucidate the applicability of the approach.

There are many reactions of interest in which one of the reactants is in the solid
phase. These reactions can be classified variously as decomposition, dehydration,
calcination, dehydroxylation, reduction, polymeric inversion and degradation,
oxidation etc., and they occur in a wide range of substances including ceramics,
explosives and biological materials. The dynamic method of studying their kinetics
involves measuring the reaction rates under conditions of a continuous temperature
change.

Originally proposed by Skramovsky (1], the dynamic method is becoming in-
creasingly popular, especially with the development of differential thermoanalytical
techniques like DSC and DTA. Since the initial temperature can be chosen so that
the reaction rate is relatively insignificant to begin with, it does not suffer from
zero-time inaccuracy -a problem which exists in isothermal experiments where the
temperature is raised rapidly and then held constant at a particular value. A further
advantage is that, provided the dynamic data have been unambiguously and cor-
rectly analyzed, any changes in the kinetic constants will not be over-looked even
within small temperature intervals. In contrast, the isothermal method only pro-
vides values averaged over discrete pOnts in temperature. Also, when the method of
analysis used is such that the kinetic constants are calculated from each dynamic
curve then very few samples are required; only a milligram or so of the material is
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needed for its thermal characterization. If many runs are indeed carried out. differ-
ences between individual samples can be determined. The last two advantages are
particularly useful in single crystal work.

On the other hand, intrinsic differences should be carefully distinguished from
the effects of experimental conditions. In the first case literature data have shown

that experimental parameters such as sample mass [53] and shape. particle size in
the case of powder samples. and ambient atmosphere (or vacuum)can affect signif-
icantly the calculated values of kinetic constants (see [2]). If this happens. then
whenever possible the empirical results should be extrapolated to refer to a 'stan-
dard" Ne of lexwprimental conditions. Secondly. the heating rate very often affects
the shape of the dynamic curve obtained, but discussion will he deferred to the next
section. Lastly. the very fact that temperature is now a variable, in addition to time.
complicate, thc analysis of data. If due care is not taken. either inaccurate or totall%
misleading values are obtained. In fact. a -survey of the literature reveals several
instances of high-quality experimental data being mis-interpreted by methods
beyond their ranges of validity. In this paper, we first describe the various methods
and point out their limitations. We then defend the approach in which use is made
of both isothermal and dynamic experiments. The analysis of isothermal data yields
f(I - x) (as defined below) unambiguously and, knowing!l I - 2). one can calculate
individual values of the kinetic constants from each set of dynamic data. We may
mention that. historically, isothermal experiments were the only ones employed
in the pioneering age in the twenties and thirties, when solid-state reactions began
to be studied from the modern point of view, as distinct from that of Langmuir.
Nernst and Tammann.

Kinetic equation

As discussed elsewhere [3] the kinetics of a reaction proceeding isothermally can
usually be described by the empirical relation:

(!)isothrma = K f(l - t) exp (-E/k T). (I

Here 7 is the fraction of the solid reacted, k Boltzmann's constant. T the tempera-
lure. and f(I - 2) and the constants K, and E are characteristic to the reaction.
The functionf(I -x) may change in different ranges of a but is. for a given %, inde-
pendent of T. at least within a range of T. K, and E should be the same for the
samef(I - 7). If the rate-controlling step of the reaction occurs on the reactant-free
surface or on the reactant-product (solid) interface, then K. will contain the sur-
face-to-volume ratio. In other words, the reacting system should really be normal-
ized per unit area rather than per unit size, and K, be given in units such as mole-
culess m

Some authors have questioned the general validity of (1) on various grounds
[4-71. However. in the literature (1) is almost always successfully fitted to experi-
mental data. Indeed, this empirical relation can be given mechanismic jutification
(see [3 1).

In dynamic experiments, also. it is commonly agreed that (1) may be adapted to
describe the reaction rate:

= K .f(I -x)exp [-ElkT(t) (2)

T() is controllable by the experimenter. Some temperature programs offer the
mathematical advantage that exp [-EIkTilt can be integrated analytically (see
later discussion on integral methods of data analysis). Examples are the hyperbolic
program where liT - A - Bi. i.e. t = Br [8, 91. a parabolic program in which
AT- + BT - C = t. i.e. It = 2AT + B. with B - AEiK, by iteration [10]: and
an exponential program so that T = exp ( - BIT) with B 2 Ek [101. For the sake
of experimental convenience, however, the arrangement is usually that t
(A. C and 0 represent constants in a particular run of experiment).

•L
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However, it has been taken by some authors who object to (2). that

d7 = dt + tjdT + dO '3)

where - The argument is then that (2) is seen to be inade-

quate even in the case ofd4 = 0. since the second term on the R.H.S. of(3) is non-
zero but left out in (2): see e.g. (11. 121. It has further been proposed [13). by a
deriation ,starting from (3). that (2) is correct only if it includes the extra factor

[1 + (i - TJT)E/kT]

in which T, - T(0). But we hold that (3) is unsound. Given i. T and 4). 2 is not
uniquely determined and therefore not a function of these ,ystcm variables: Odz >
> 0. as x cannot decrease even for negative dT and do! Nevertheless. the inexact
differential dx can be integrated, if the dynamic process can be treated as the limit-
ing case of a series of time intervals, during which the reaction proceeds isother-
mally according to (1) but at the end of each of which Tis altered, in a time so short
that during it the sample is unchanged. Along this path P the result is easily ob-
tained (141:

d" Kdz= K exp(-E/kT)dT (4)
(T P Tf

o r.

where K = K, exp(-E/kT). We must emphasize that (4) is not logically self-
evident, as is sometimes implied [14] or argued by mathematical operations based
on the presumption that 2 = 3(T, r) [15]. Rather, it comes from the assumption
that the reaction under study involves no slow processes, so that i depends only
on the present values of a and T (d is a function of state). but not on the history of
the reacting system (c.f. [16]). Only by this assumption (absence of memory effects)
can the dynamic process be treated as P. (Experimentally, a temperature program
with temperature jumps. which approximates P, has been realized on a thermo-
balance interactively controlled by computer [17].) Equations (2) and (4) are of
course equivalent. Their validity has also been shown by *rational' thermodynamic
arguments. in which the functional relation i = g (I. ki) is regarded as the 'con-
stitutive equation' characterizing the reaction system [18]. In a new direction.
the possibility has been suggested [64) that solid-state reactions may be studied
by far from equilibrium thermodinamics.

On the other hand, experience shows that apparently (4) is not always followed
exactly. Consider a reaction being investigated by a series of experiments conducted*i at different heating rates 0 but with the same initial temperature T,. In (4) we see
that the R.H.S., foe a given upper temperature limit T, is directly proportional to
V0I/. Plots of the L.H.S. rs. T should therefore all have the same shape. It may hap-
pen. however, that increasing departure from isomorphism is seen when experimen-
tal data obtained at higher 4 are so analyzed. The most probable explanation is that
the temperature change is too fast, causing the temperature distribution in the
sample to become significantly non-uniform. In fact, thermal equilibrium is an
underlying assumption when (4) is derived above: without it i will depend on the
thermal history of the reacting system.

Other factors may also be at work. The reaction rate may be sensitive to the
structure of the reactant, and a higher 4 can enhance the defect density or change
the activation energy of reaction at a defect site 119). In branched-chain reactions,
the speed of the progressive accumulation of active centres may vary with the rate
of change in temperature (20]. If the reaction is a surface process. the distribution
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ot reaction 'centres' among corners, edges or faces of the sample may change with
0 [21 ]. It may also be that the chemical system under study has multiple reactions
proceeding concurrently in it, and they have different E [221. All these variations
in E may be accompanied by changes of K. in the same direction. Because of this
coupling, a linear relation between E and log K, is sometimes observed. Called the
.compensation effect', this phenomena does not necessarily mean, as was suggested
[4]. that the Arrhenius expression in the R.H.S. of(4) is invalid. In all these cases,
by varying 0 the experimenter can. in fact, gain additional insights into the mecha-
nism of the reaction, or distinguish between the competitive reactions in the react-
ing system.s (a situation usually. though not always. indicated by the presence of
multiple peaks in the & curves). This is possible if the method of data analysis
employed is such that K, and E are determined from a single d or % curve, rather
than from data at a number of heating rates. The metht we suggest will be of this
type.

It may also happen that in (2) K,, x T, so that it cannot be taken outside the
integral sign in (4). Indeed, modifications have been suggested of some methods of
data analysis (those that assume a reaction order for the reaction) to take this extra
temperature dependence into consideration [23). However, even when theoretically
required, the correction may for practical purposes be ignored, unless E is small or
temperatures used are very high (d In KIdT - [E + kTJ]kT'). Likewise, any slight
temperature dependence of E can usually be neglected. Furthermore, irrespective
of this or the above complications the form off(l - 2) in (2) and (4) is not affected.
It should be the same as that in (I). on the basis that the dynamic process can be
treated as the limiting case of a series of isothermal intervals, as already mentioned
above.

Data analysis

Experimentally, d or a is obtained by DSC. DTA, TG. DTG, quantitative IR
spectroscopy or X-ray diffraction, dilatometry, or measurements of chemi-lumines-
cence. ultrasonic attenuation, dielectric constant, viscoelasticity, thermal or electri-
cal conductivities, or optical reflectivity when changes in these characteristics can
be correlated with Y. The oldest technique is thermomanometry, in which the pres-
sure of an evolved gas is measured at constant volume, but its use has so far been
more popular in isothermal experiments. Many methods of analyzing d or a data
have been proposed to calculate the kinetic constants E and K, (for a critical

1review of the earlier work see [24]) and sometimes also JI -at). Often they were
originally formulated with reference to one particular instrumentation, but they
may be made generally applicable to all techniques after quantities measured on
DSC, DTA. TG instruments etc. are all interpreted in terms of at and d. On the
other hand, their validity does depend on the particular reaction whose data are
being analyzed. Their limitations in this respect form the subject of our discussion
below. They will be examined in three groups: peak-temperature, integral and
derivative methods, in this order. Sophisticated instrumentation systems are com-
ing into use, that incorporate computers to establish baselines or other null settings,
to carry out automatic data acquisition, and to let the experimenter interactively
analyse the data (e.g. (251). Such advances do not. however, remove the danger of
uncritical choices of the method of data reduction.
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Critical exaniutioan of current methods

Peak-temperature method
Kissinger [26] considers reactions of the typef(I -2) = (I - 2). Differentiating

(2) with respect to t, and setting the resulting expression to zero. he obtains

i.(EkXp/T.) - exp (-EkT,)n(l -at,.)" . (5)

in which m, signifies "psak' quantities, at the point of maximum I where i = 0.
He next a umes that #(I - 2,.)" ' -, I, therefore

OT,.'L exp(-E/kT,.) (6)

regardless of n, which itself may be calculated from the shape of the x (t) curve.
E and k, on the other hand, are obtained by performing a series of experiments at
different 0. An aspect, which we regard as an inefficiency, of Kissinger's method is
that only one point on the curve is used although, in the case where multiple peaks
occur signifying that differentf(l -a) and E govern different sections of the curve.
the method should still be applicable to each peak.

There is. however, an important limitation. The a priori condition thatf(l - a)
(I - W) is actually valid only in very special circumstances, namely when the

rate-limiting step of the reaction is the inward movement at a constant speed of
the reactant-product interface, where n is 0. IA or 2/3 for one-. two-, or three-
dimensional movement, respectively, or when the reaction is unimolecular so that
n = 1. Even among these special cases, the other approximation that Kissinger
uses is still conditional. since n(l -a )M-1 Im only for n = I. When n is 1/2 or 2/3.
this expression varies with 2*., approximately as A4of, n(I -n)l(l _ 2.) 2-- > 0.2
A42,,. where A,. is the variation in o,. itself. In the Appendix we show that 2,.
changes with 0 in the general case. Hence, when an apparent reaction order exists
and is 1 , or 2/3, Kissinger's method can lead toa systematicdeviation in (6) and thus
generate a significant but hidden error in the calculated E and K,.

If no apparent reaction order exists, then it definitely should not be used.other-
wise an approximately linear plot from (6) results in totally misleading values of
the kinetic constants. An example is in the decomposition of benzenediazonium
chloride: it derives from DTA data a value of E that is 40% lower than the nearly
identical values, obtained by applying other methods of analysis to the data from
DTA as well as other techniques [27). Other examples are in the study of lithium
aluminium hydride, where the Kissinger values are half of the isothermal result
[28], in RDX where it is again 40% lower than all the values calculated by other
methods [291. and in urea nitrate, where it is 30% lower [30).

Integral methods
The L.H.S. of(4) is a function of a only and will be denoted by F(2): the R.H.S.

r
can for practical purposes be equated with .'K/41 dT, since in experiments T, will

0
be such that reaction velocity is negligible below it, i.e. T, 4 Elk. In view of these
considerations, many authors have proposed different methods of analysing a(T)
data. T

The temperature integral S exp (-E/kT)dT has no analytical solution. (in the

unusual case of a hyperbolic, parabolic or exponential temperature program,
on the other hand, exp (-ElkT)/I" is integrable.)The numerical values of the inte-
gral have been compiled but, being a function of both E and T. are not directly
useful unless an iterative solution of (4) by trial-and-error is resorted to. Such an
approach has been advocated by Zsak6 [31 1 who considers in particular the cases

of f(I -1 = (I - ) with n -0, 1/3, 1/2, 2/3, I or 2. when g(tal log f(I-t)

. . . - II
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has simple analytical expressions, and by Satava and Skvira, 1321 who generalize
the method slightly by tabulating the values of p(a). 0 < 2 < 1, for some other
forms off I -x).

For more efficient approaches, approximations to the integral are necessary.
Thus, taking the first two terms in an asymptotic (u z E/kT - 0o) series of

d.

I exp (- t)dr2 - Coats and Redfern obtain the linearized relation 133]:

In (F()T-') = A - Elk(T-') (7)

w hetc A = In(K, k/l'EX I - 2- TIE)is'sensibly constant" if the range of temperature
AT is small. They further assume that ftI -) (I -2). and so F(a) can be cal-
culated at each 0.T). Plotting (7) for several values of 2 thus gives E and K,.
making u.e of only one set ofdata corresixnding to a single 4.

Several cautionary notes should again be made here. The assumption forA - a)
has already been discussed. Similar to the case of Kissinger's method, results ob-
tained may be wrong and misleading if this functional form is not independently
determined beforehand. Thus, in a study on the dehydroxylation of kaolinite (341,
straight lines over different ranges of (T- ') are given by (7) for a whole series of
values of n. namely, 0, 0.5. 0.667. a and 2. In particular. plots using n as I and
n = 2 are almost equally 'good'.

Secondly, the accuracy of the asymptotic approximation is rather low. By com-
paring its values with tabulated values of the integral [31. 35. 361, we find its rela-
tive errors to be 41/i, v20% at u - 5, 5% at u - 10. and 1.5 % at u - 20. Thus, for
example. if E is I eV, then for an accuracy of 98 % the highest temperature reached
in the experimental run should not be more than 600 K. a very low figure for most
materials though it is higher for larger E. Additionally. expanding A into a power
series shows that A/A ft 2k ATE.so that at say2 %inaccuracy the range of tempera-
ture. AT. from which (a, 7) points are selected should be less than lOOK (for E -
I eV). The total possible deviations in the calculated E and K, are, to first approxi-
mation, the sum of the ,I/land iA/A. It certainly is unsatisfactory if they ari largE
and yet nowhere mentioned in the calculation.

Other approximations to the temperature integral have been suggested by van
Krevelen er al. (37) and by Horowitz and Metzger [38), who made use of certain
asymptotic expansions in the vicinity of T,., the temperature at peak reaction rate.
Both have been shown (391 to be even less accurate than the Coats and Redfern
approach, and so will be left out in our discussion.

Amongst the integral methods, the best is probably the one due to Ozawa. which
requires data at different 4 but. in it f(I - a)remains completely general. The ap-
proximation to the temperature integral is: -

Jexp(-E/kT)dT 2c - 101 -2-' .4,%,kr ) (8)

so that from (4)

logo , + 0.457(Ek)/T - log #., + 0.457(E1k)TI (9)

where T, and T, are taken at an arbitrary but identical value of 2 in the two curves
corresponding to heating rates 4.1 and 42. Plotting log vs. I/T ror selected values
of 2 should thereore produce straight lines, the slopes of which give £ [401.

Three comments are appropriate here. By comparing (8) with tabulated numer-
ical value, we see that it is 7 % out at u - 10or T 1170K, and 3 % and less only
for T < 720K (if E - I eM). These errors should be examined before Oawa's
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method is applied. Secondly, the method has been modified [411 to read, in place
of(9).

4 In 0/ AT, =0.457 Elk (10)

in which 4 In 0 m In 0, - In 0:_. etc.. and m denotes, as before, peak quantities.
This relation may be compared with (6) but in general it does not hold since, as
shown in the Appendix. x. varies with 0. Lastly, like Kissinger's method. E cannot
be determined from data at a single ,. and in some cases this maybe adisadvantage.
as discussed before.

Deriratire methods

The derivative methods offer an advantage over those described above in invok-
ing no mathematical approximations. Unfortunately. they use & data which, with
present instrumentation, tend to be of lower quality whether they are obtained by
numerically dilferentiating the Y data or are direct expcrimental read-outs.

The most straightforward, but as it stands relatively inefficient, of the derivative
methods is to write (2) as: -

In (di/f(I -)) = In K, - E/kT (ill

and to substitute different off(] - ) until a linear plot appears [42]. Later, we shall
argue, however, that even this labor omnia vincit approach like all dynamic meth-
ods in general. cannot guarantee correct values of E and K, (nor an unambig-
uous form of Al- 2) in this specific case), although the labour it involves may be
undertaken by the computer.

The earliest derivative method is probably that of Borchardt and Daniels, origi-
nally formulated for homogeneous reactions in the liquid phase [43] but laterextend-
ed to solid-state reactions [44] for which it is now frequently used. The method
putsfi I - ) - (I - x)" into (I 1), with n given a guessed value, and if a linear plot
results then £ and K, are obtained from it. Based on this method. Hauser and
Field [45] have developed a computer procedure. in which plots are generated for
a series of values of n incremented at discrete steps. and the 'best' one is then se-
lected to yield E. K,_ and n. An attraction of this method is that n can be readil.
selected by eye. Alternatively. since in this case

A In 14ln(l - -(Ek[AT'1 Inl-)]) + n (12)

a plot of the L.H.S. vs. the quantity in the square brackets at once gives Efrom the
slope and n as the y-intercept (47). If constant A In i.d In(I -s). or dT-'is selected.

S"Eq. 12) can be further simplified [61 ]. We have emphasized previously the falli-
4 . bility in presuming such a convenient form ofA l- 2): Ozawa [47] has commented

., on the possibility that this procedure. and the integral method of Coats and Red-
fern. may give false values of E and K,. In addition. since (12) involves the ratios
of differences, the quality of data called for is even higher than that demanded
alone by the use of 1: experimental data so plotted more often than not show ver)
large scatter. The Rogers and Morris method [48] plots 4lny rs. T .and can he

seen to be the special case of n = 0 in (12). An example of the general danger that
very linear plots may sometimes appear even if the applied method is not valid is
given by Patel and Chaudhri. The Rogers ard Morris method was used to analyze
DSC data on lead azide. and a straight line results although the calculated E turns
out to be 180o larger than the Ozawa value [49]. Conversely, the coincidence of
values calculated by various methods need not prove that these methods are all
applicable to the case in hand. A counter-example is provided by a DSC study on
RDX (29]. where the Rogers and Morris value agrees well with other values'but
the compLx decomposition is beyond doubt far from the n - 0 type.

On the other hand. Divid and Zelenyinszki [50) plot In dt (I -12)/11 -)

against (T-'): this amounts to assuming a 'reaction order' n -I. It serves as yet
another example of the futility of linear plots, for their method gives such plots for
the decomposition of 'a wide range of materials' including calcium oxalate and
polyethylene which, most likely, are not of first or any other 'order'.
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Some of the integral and derivative methods described in the foregoing have been
compared by testing their accuracies on synthesised DTA data (exact as well as
with artificial random error) for one E value and temperature range. the reaction
considered being of the type with a reaction order [51]. Among the methods not
included there is thatdue to Friedmann [52). It probably is the most general among
the derivative methods. Like Ozawa's procedure. it makes no assumption about
( I - 7,. although it requires 1 data which, furthermore, have to be at a numberof¢.

Once again, from (2) with ddT I:

In (0T0) = ln(Kf(I -x)) - E/kT. (13)

Since K, JJ(I - x) is identical for the same value of 2, taking yT and the correspond-
ing Tfrom several ( one can determine E.

It i, our contention that even Friedmann's method hasone basic limitation which.
more significantly. is shared by all dynamic methods described above. The point
in question is that all of them have to presumetheconstancy off(I - ) as the tem-
peraturc is changed. However. since mechanisms of solid-state reactions are gener-
ally complicated, there is no general justilication for this presumption, though it
may be true for particular reactions within specific temperature ranges. An illustra-
tion is the case where parallel reaction paths exist, each with values of K, and E
such that a quantitative change of Twill lead to a qualitative change in the dominat-
ing path. Another case is where the identification of the rate-limiting step depends
on T. Methods have been proposed which, by the use of computers, try different
forms of f(I - 7) in analyzing the dynamic data [53-55]. However, the search is
limited to functional forms which are already known.

More importantly, from our own experience with azides we have strong doubts
as to the exactness in determiningf( -2,) or even its constancy from dynamic data.
Likewise. in a study on the dehydration of manganese formate [541 for instance,
no unique form off(I -x) and correspondingly no unique values of E are identified
even over appropriately restricted ranges of a, the criterion used being minimum
standard deviation in the Arrhenius plot. Further examples are the thermal dehy-
droxylations of kaolinite [341 and of magnesium hydroxide [561. We suggest that,
in dynamic experiments since data are collected under variable temperature condi-
tions, the change due to f(I -. e) is inherently masked by that due to K(T).This pitfall
is illustrated in the Figures. Figure ]a shows the graphs of 2(T) and its derivative
which are generated artifically according to the theoretical equation a1 =K
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Fig. [a. Artificial data 3r = Kt. and corresponding :r' w dy/dT data, plotted apinst T which
rises linearly with I

Fig. lb. Arrhenius plots of: (I) or/ 3(l - 2 )1n. (2) xs12( - x)"', (3) -. and '(4) -r/30t/2
for the data shown in Fig. la
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exp ( - ElkT) throughout from 2* = 0 to 2 = 1. The values chosen for K, and E are
10' and leVrespectively. Let us now examine how the data generated according to
this relation, which is of the type - Kt, will be fitted by different kinetic equations,
one of them being the correct one. In Fig. Ib we plot against lOP/T the natural
logarithms of the following expressions: -

(I) 2T/ 3(l_ )2 ,3. i.e. assuming I - (I -)7)' = Kr: reaction controlled by
three-dimensional contraction of phase boundary:

(2) 2/2(l - P'.i.e. I - (I - )' = Kt type:

(3) 2 T: the original assumption: and
(4) 2//3a"/:, i.e. 2 = (K):: reaction controlled by e.g. three-dimensional

growth of existing nuclei.

It is een that the incorrect /' I -Y) in (I) and (2) still give virtually linear plots, with
slightly different slopes: interestingly, curve (4) is so misleading as to show two
"linear" segments with a seemingly significant transition in between. Experimen-
tally, Guarini etal. [57] have noted that it is impossible to ascertain from their DSC
data whether the monomerization of 9-Me-IO-AcAD has an apparent reaction
order of 1. 0.67, or 0.5, in all of which cases E has about the same derived value.

The suggested approach

In the foregoing sections, we have discussed the limitations regarding the applica-
bility of various methods that have been used to analyse dynamic data. In many
published works we find that often a number of apparently different methods are
used to analyse the same set of data. However. we think that in many cases this
procedure is of no real significance. when some of the methods used are mathemat-
ically equivalent and therefore lead to the same results, or when some are invalid
in the given situation and thus lead to doubtful values. The limitations of the meth-
ods express themselves both as discrepancies in the calculated values of the kinetic
constants, and sometimes as fortuitous agreements when some of the methods are
certainly inapplicable. (An extreme example of the second situation is thit, for
RDX. the Kissinger value [29] of E is near to that obtained [58] by plotting
x s T-'. a procedure which has absolutely no theoretical justification.) Accord-
ingly, we suggest that the interpretation of dynamic data should as far as possible
be based on results from isothermal experiments. A similar approach has been
used for studying the dehydroxylation of kaolinite by Achar. Brindley and Sharp
[63].

One can unambiguously determine f(I- 2) over the whole range of 7 and over
the relevant temperature range, from the independent analysis of individual iso-
thermal curves. A systematic method of efficiently implementing this identification
has been proposed by us [3]. It may also be noted that thermoanalytical equipments
are equally applicable in isothermal experiments (see e.g. [62]) though they are
more often used in the dynamic mode. The identified form(s) ofA I - z) can then
be substituted into either (2) or (4). In this way, form the dynamic 2 or d data one
can then determine accurately the non-average and single-sample values of E and
K,: advantages which have been mentioned in the introduction to this paper.
Moreover, the values will correspond individually to different heating rates.

We applied this approach to the spinel formation ZnO + Cr2O3 -. ZnCr2O4 .

A DTA curve (experimental atmosphere: N2 at 300 mm mercury) was published
in Ishii et al. [59], who have also monitored x(f) by chemical analysis when the
reaction proceeded isothermally in nitrogen flowing at 50 ml/min, and showed
that the isothermal data fit [I - (I - 2)IT - Kt. We have measured K from the

-Sr
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Table I

Isothermal data

T,

deg. C relative units

800 I 0
900 4 1.4

1000 23 3.1

Table 2

Dynamic data

da ,t-1 re ,i lls . I I~( 1171

degC. C. Mali-, unit.. , d a)

700 0.1 2 -2.6
820 0.15 4 -1.4
900 0.2 7 -0.54

1000 0.35 12 +0.76

experimental data points at t-20 min in the published isothermal plots. From
these values of K, given in Table 1, we calculate a value of 1.5 eV for E.

In Table 2 the values & were measured from the published DTA curve whose
heating rate was unspecified, and the or values were read off from the (a, T) graph
which Ishii el al. have drawn presumably by integration. Now, from their analysis
of the isothermal data the governing kinetic equation is, in differential form, 1 =--

= K/[(l-z) =1 1 3 - (I-:0)=/ 3 ]. at least within the ranges 800- 1000' and a from
0 to 2 0.6 corresponding to Ki = 0 to t 0.07. The Arrhenius plot of i (I - )- 3

y( I X- 1-3 _ I, for the four data points shown in Table 2, is indeed a good
straight line. From the plot we obtain E = 1.3 eV. In view of the probable experi-
mental errors and inaccuracies in obtaining data from the published graphs, we con-
sider satisfactory the reasonable agreement between this value and the one calculat-
ed from the isothermal data.

Conclusion

Most of the commonly used methods of analyzing dynamic data have been shown
to be applicable only under particular conditions. It has been pointed out that to
use these methods without considerations of the range of their validity can give
misleading values of the kinetic parameters. An approach has been advocated in

'which use is made of both the dynamic and isothermal data: the functional form

-f I - 2, is determined from the isothermal experiments. This form in conjunction
with the dynamic data, gives the values of the kinetic constants.
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Arpendix

We wish to predict how the value of 2 at peak reaction rate varies with the heat-
ing rate 0. Atx = ,from (4)

*dot K
d) _ K .dTexp(-E/kT)- F(o,,. 4). T,) = 0

o T. (10)
and from the fact that - 0

E 0 exp(E/kT)
k T,, K, G(o,.. 0. T.) = 0. (15)

Solving the simultaneous cquations dF = 0 and dG = 0. we find

d2,, '~ ~F ?G i'F (IG. eiF t' 6 1
db [ ?T,,, i 7,, ?0 i'T., i ., - T,,, ' (16)

Defining dimensionless quantities U = E/kT,.. u 01/K, T,.. and I(ot.) a

d2/f( i - 2). we have the following: 0

eF 1G
- , = f-(l _ m).

Ti,

"(,m) UG ) exp(U).i'4... 4 )/-jdrxp(-)= - . = -

Te

eF I eG pU(2 + U) exp(U). (17)

=n pexp(U)T,,'(17)

Hence d2.- _U h(2 +_ U)(o) - I
dob 0p hU(2 + U),f(1-7,,) -f*(l -,,)Ih

where h - p exp (U). Incidentally. dT,,,/d4 czn te derived in a similar way.
The only case we find rcrortcd in the literature, in which a. is apparently inde-

pendent of 4, is the prn'r.ry recrystallization cf pre-ccrnprcssed coprer I60], where
z,. _= 0.5. In all other cases, experiments give changing 7,. We have made a rough
check on (18) by taking the case of the decomposition of the explosive RDX [29).
for which the RogerL and Morris method eives E = 2.10 eV and K., . 101

&s-1.

The reaction is complex, but these representative values are chosen because they
correspond to an assumed kinetic equation in which fI -a) = 1. We thus have
very simply (% ) = x,. andfj(I -a,,) - 0. For 4 0.167 K s-'. , is given as 0.62
and T,, as 512K: our calculation shows dot.'/do m: -0.1 s K - . a value which
compares well with the experimental indication that Aa,IA = (0.60 - 0.62)/
,40.333 - 0.167)s K-'.
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